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A B S T R A C T 
Physiological And Cellular Level Responses Of Enteromorpha Spp. To Chemical And 
Thermal Stress 
Stella Anne Lewis 
The aims of this project were to investigate the cellular stress response (CSR) in 
Enteromorpha spp. and assess the potential of the Stress-70 protein (an indicator of the 
CSR) as a biomarker of pollutant exposure and acquired tolerance in Enteromorpha spp., 
compared with conventional physiological endpoints of toxicity. 
Cross-reactivity of a commercial Stress-70 antibody with E. intestinalis proteins was 
determined and used to develop an assay for Stress-70. Using this assay E. hUestinalis was 
found to exhibit a typical heat shock response. 
Stress-70 proved to be a relatively insensitive biomarker of copper exposure and did 
not appear to be involved in copper tolerance, the genetic basis of which was investigated 
by growing E. intesiinalis using a novel culturing technique. Although growth was variable, 
it provided a simple, consistent and sensitive measure of copper toxicity. The chlorophyll 
fluorescence parameter Fv/Fm was insensitive to copper exposure. 
Nutrient limitation enhanced copper toxicity and significantly impaired growth, 
Fv/Fm and Stress-70 production \nE. intes/ina/is. In both copper ^sensitive' and 'tolerant* 
E. in/es/inalis, copper exposure did not affect the ability to raise a heat shock response. In 
* sensitive' algae, copper and heat shock were additive stressors, with heat shock acting as a 
stronger inducer of Stress-70. Only heat shock affected 'tolerant' algae. 
Zinc was less toxic than copper but in contrast to copper studies, Stress-70 was a 
relatively sensitive indicator of zinc exposure, compared to Fv/Fm and growth. 
Studies of triazine herbicides revealed that on a molarity basis, Irgarol 1051 was 
more toxic to E, intestinalis than atrazine. Fv/Fm and growth were strongly affected by 
Irgarol exposure, but Stress-70 levels were unaltered by exposure to the herbicide. 
Fv/Fm and Stress-70 were poor in situ biomarkers of pollution, but another 
chlorophyll fluorescence parameter - complementary area - appeared to correlate with 
levels of organic pollution. 
Overall, Stress-70 was found not to be a useflil biomarker of exposure to copper or 
triazines in E. intestinalis, or /// 5/7;/ pollution. However, the Stress-70 assay developed has 
a number of alternative applications and Enteromorpha spp. were deemed to be potentially 
useful in pollution monitoring with the selection of suitable biomarker responses. 
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Chapter 1 
INTRODUCTION 
Stress 
The environment in which an organism hves is always changing and is often 
inhospitable. As a result, organisms have evolved many processes to cope with different 
forms of stress. 
Levitt (1980) used the term stress to represent 'an environmental factor causing a 
change in a biological system which is potentially injurious'. The changed system is referred 
to as stressed, and the factors responsible for the stress are known as stressors. An 
organism can be affected by a variety of stressors including physical factors as well as biotic 
factors e.g. temperature and competition respectively. In addition to natural sources of 
stress the influences of anthropogenic stressors, such as pollution, are being studied. 
Due to their sessile nature, plants (including seaweeds) are unable to escape adverse 
conditions and therefore must adapt to survive. Adaptation involves short-term biochemical 
and physiological responses, and longer-term physiological, structural and morphological 
alterations (Howarth & Ougham 1993, Nover 1994). One of the best characterised stress 
responses is that of the cellular stress response (CSR) when cells undergo changes in gene 
expression resulting in the synthesis and accumulation of so called * stress proteins' 
(Atkinson & Walden 1985, Lindquist 1986). 
The Cellular Stress Response (CSR) 
The CSR has been found in all organisms examined so far, from bacteria to man. It 
is characterised by the rapid synthesis of a small number of proteins - stress proteins - and 
simultaneous inhibition of normal protein synthesis. This sequence of events was first 
observed in DrosophUa in response to heat shock (Ritossa 1962) and was called the heat 
shock response (HSR) and the induced proteins, heat shock proteins (hsps). It was soon 
discovered that expression of heat shock proteins was induced by a variety of stressors 
including some pollutants (Table 1). As a result, the broader terms of cellular stress 
response (CSR) and stress proteins (SPs) were coined (Schlesinger et al 1982, Miller 1989, 
Vierling 1991). 
Table 1. Some conditions that induce expression of heat shock proteins (adapted from 
Goering 1995) 
Environmental Stressors - heat shock, ultraviolet radiation, heavy metals, amino acid 
analogues & chemotherapeutic agents 
States of Disease - viral infection, fever, inflammation, ischemia, oxidant injury & 
malignancy 
Normal Cellular Influences - growth factors & development and differentiation 
Stress proteins < f i their functions 
Heat shock proteins are defined as proteins whose rate of synthesis is increased by 
exposure to a rise in temperature 5-10°C above the optimum for the organism under 
investigation. The term stress protein can include other, non-heat inducible proteins such as 
metallothionein, which is induced primarily by exposure to trace metals. For the purposes of 
this thesis only the 'classic' heat shock proteins are considered (Sanders 1990, Nover 
1991). 
Although the number of heat shock proteins and exact sizes are both species and 
tissue specific (Stegeman et al 1992), they can be grouped into 4 main families according to 
molecular weight: 90, 70, 60 and 16-24 kDa. The families are respectively termed: Stress-
90, Stress-70, Stress-60 (chaperonin) and low molecular weight (LMW) stress proteins 
(Sanders 1993). Additionally there is a fifth, 7kDa heat shock protein called ubiquitin. 
It should be noted that although some stress proteins are found only in cells 
responding to stressors, most are also present at much lower concentrations under normal 
conditions (i.e. constitutively expressed) where they play essential roles in cellular protein 
homeostasis by acting as molecular chaperones. Molecular chaperones assist the folding, 
assembly and transport of other proteins (Burdon 1988, Beckmann et al 1990, Hightower 
1993). Under stress the levels of constitutive stress proteins rise and inducible forms are 
synthesised. 
A primary mechanism of effect of many stressors is protein denaturation and/or 
aggregation. It is thought that under stressful conditions stress proteins take on additional 
but related functions to molecular chaperoning, helping to repair denatured proteins and 
protect others from damage. This protects cells allowing them to recover and survive the 
stress. 
The Stress-70 family is the largest and most conserved of the heat shock protein 
families. Stress-70 genes were among the first eukaryotic genes cloned and are the most 
widely studied of the heat shock proteins (Ryan & Hightower 1996). At least 21 proteins 
belonging to this muhigene family have been characterised (Sanders 1993). Stress-70 
members are found in several subcellular compartments (including chloroplasts) and have 
been called *Nursery Nurse and Salvage Merchant' (Figures 1 & 2 adapted from Miller 
1989 and Gething & Sambrook 1992). Stress-70 members primarily bind to proteins, which 
aids folding, transport and repair. This includes binding to newly formed proteins, 
preventing incorrect folding and associations with other proteins. All Stress-70 homologues 
bind ATP and exhibit weak ATPase activity; it appears ATP hydrolysis is required for 
dissociation from proteins. Under stress, synthesis of Stress-70 increases and cytoplasmic 
Stress-70 is localised primarily in the nucleolus, binding to pre-ribosomes and other protein 
complexes to prevent formation of aggregates (Lindquist 1986). In addition Stress-70 
shuttles those proteins that are beyond repair to lysosomes for degradation. Ubiquitin is 
involved in the nonlysosomal degradation of intracellular proteins. Under stress the 
increased synthesis of ubiquitin provides a greater capacity for turnover of severel
damaged proteins along the nonlysosomal pathway, thereby complementing lysosomal 
degradation and the activities of chaperonin and Stress-70. 
Proteins denalured by heal 
Possible aggregation of denatured proteins 
Hsp70 
Hsp70 blocks aggregation of denatured protein by binding 
to hydrophobic regions 
Hsp70 promotes ATP dependent 
renaturation of proteins 
Confonnationally altered hsp70 
Irrepairable protein tagged for 
ubiquitin directed proteolysis 
Figure 1. Salvage merchant: hsp70 may rescue damaged proteins and prevent 
them clumping together. Ubiquitin orchestrates the removal of hopeless cases 
Ribosome 
Nascently synthesised protein maintained 
in a denatured form by association with 
hsp70 
Hsp70 recycled in an 
ATP-dependent 
reaction? 
Hsp70/ protein 
complex shuttled 
towards specific 
membrane site 
Mitochondrial 
membrane 
mRNA 
Hsp70 released as 
a protein is 
translocated across 
the membrane 
Correctly folded protein 
Figure 2. Nursery nurse: hsp70 binds to newly formed proteins destined for secretion. This 
keeps them in an unfolded form and may help them pass across membranes 
Induction & regulation 
The CSR is controlled at both transcriptional and translational levels. In eukaryotes 
there is a common sequence - the heat-shock element (HSE) usually found in multiple 
copies upstream of all heat-shock genes. Gene expression is mediated through the binding 
of a protein (heat-shock transcription factor (HSTF)) to the HSE followed by 
phosphorylation of the HSTF. HSTF is present constitutively but only activates heat shock 
genes following detection of stress. How stress is detected by cells is currently unclear but it 
has been hypothesised that increased levels of denatured protein in a cell triggers the CSR. 
Many CSR inducers cause protein damage and injection of a cell with denatured protein 
induces the CSR (Ananthan et al 1986). During the CSR there is increased transcription of 
the heat-shock genes but post-transcriptional controls are also involved, including the 
translocation of mRNA and its selective translation. This insures preferential synthesis of 
heat shock proteins to the near exclusion of all others. 
Plants and the CSR 
Drosophila, yeast and mammalian cells have served as model systems for most CSR 
studies, however many features of the response apply to all organisms - a result of its highly 
conserved nature (Schlesinger et al 1982), 
Most work with plants has been limited to commercial higher plant species, soybean 
in particular and early studies showed that the basic features of the CSR did apply to higher 
plants (Key e/a/ 1981, Altschuler & Mascarenhas 1982, Cooper & Ho 1983, Cooper et a/ 
1984). However, one major difference detected between plants and animals was the relative 
abundance of LMW and HMW proteins. While Stress-70 is the main stress protein 
synthesised in animals such as Drosophi/a, in many plant systems the L M W proteins 
dominate stress protein synthesis (Key et al 1985, Vierling 1991, Waters et al 1996). 
Despite potentially yielding some very exciting information, LMW stress proteins are rarely 
investigated as they are highly species specific (Vierling 1991). 
The literature on algal stress proteins and heat shock responses is limited to a few 
investigations involving microalgae (Mueller et al 1992) and only 2 papers regarding 
seaweeds. Using mRNA analysis a typical heat shock response was detected in the Antarctic 
strain of the seaweed Plocamium cartilagineum. The optimum growth temperature for this 
seaweed is 0°C and Stress-70 synthesis was detectable at 5*'C, reaching a maximum at I0"C 
(Vayda & Yuan 1994). Similariy mRNA encoding a Stress-70 homologue was reported in 
the red alga Porphyra umhilicalis, levels of which increased seven fold, seventy five 
minutes after being moved from 15X to BO^ C (Reith & Munholland 1991). 
Acquired titermotolerance & adaptation 
The CSR has been implicated in acquired thermotolerance - the ability of an 
organism to withstand a short period at an otherwise lethal temperature, i f it is first 
conditioned by a treatment at an intermediate temperature (Lindquist 1986, Lindquist & 
Craig 1988, Nover 1991). Heat shock protein synthesis correlates closely with the 
development of thermotolerance and the function of at least one heat shock gene is 
implicated in the acquisition of thermotolerance. Evidence for a role in thermotolerance 
comes from observations of cross tolerance e.g. arsenite which induces hsp synthesis, also 
induces thermotolerance in soybean seedlings (Lin et al 1984). Also, yeast mutants unable 
to synthesise stress proteins cannot develop tolerance and developmental stages of some 
organisms that are missing some heat shock proteins cannot develop thermotolerance 
(Sanders 1993). 
However, there is still no direct evidence of heat shock proteins conferring 
thermotolerance and it is apparent that not all proteins synthesised during the CSR are 
involved in resistance. In some cases at least, the heat shock proteins required for short-
term survival at extreme temperatures are distinct from those required for growth at 
elevated temperatures. For example, deletion o f certain hsp70 genes in yeast severely 
reduces growth at high temperatures but has no detectable effect on acquired 
thermotolerance (Werner-Washbume e/a/ 1987) 
Despite a lack o f direct evidence, it appears that stress proteins may be involved in 
the adaptation of organisms to their environment. Sanders ei al (1991a) characterised the 
CSR of two related limpet species with different temperature tolerances - CoUisella scahra 
and C. pelta. C scahra had a higher temperature tolerance and exhibited a more complex 
LMW group and produced more isoforms of Stress - 60 and 70. Gehring & Wehner (1995) 
carried out a similar study on the thermotolerant Saharan ant Catag/yphis that appears to 
accumulate heat shock proteins in readiness for exposure to high temperatures. 
Stress proteins as biomarkers of pollution 
As a primary protective response of cells induced by a variety of stressors, including 
pollutants, the CSR has been seen to have a potential use in environmental monitoring 
(Sanders 1990 & 1993, McCarthy & Shugart 1990, Huggett et al 1992). It has been 
suggested that stress proteins, Slress-70 in particular, may be used as biomarkers of 
sublethal toxicity. 
Since the late 1960s there has been rising concern about pollution, *the 
contamination of the environment, as a result of human activities, by any substance or 
energy that exerts a detrimental effect' (adapted from Moriarty 1983). The marine 
environment has been particularly abused, with oceans viewed as vast sinks in which waste 
could be dumped to dilute and disperse. In the drive to control and clean-up pollution 
various methods of pollution monitoring were developed, including approaches from pure 
chemical analysis to laboratory based toxicity tests. More recently the biomarker concept 
has been introduced (MTarthy & Shugart 1990, Depledge 1994). 
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A biomarker is ' a biological response that can be related to exposure to, or toxic 
effect of, an environmental chemical or chemicals' (Peakall & Shugart 1993). Biological 
response is a broad term, but the biomarker concept generally involves the use of 
biochemical, cellular and physiological parameters (M'^Carthy & Shugart 1990, Huggett et 
al 1992. Goering 1995). An example of a 'gold standard' biomarker is acetylcholinesterase 
(AChE). Exposure to organophosphates or carbamates inhibits AChE activity in animals 
disrupting the nervous system. AChE activity can be accurately measured and a 20% 
inhibition of AChE activity is used as a criterion of exposure to organophosphates (Peakall 
1994). 
Responses to contaminants can be measured at different levels of biological 
organisation (Figure 3). The major advantage often quoted for using molecular/ biochemical 
level biomarkers such as stress proteins is that such responses are the first detectable and 
therefore are potentially more sensitive (Stegeman et al 1992), enabling detection of stress 
before permanent physiological damage occurs. They can also act as biomarkers of both 
exposure and effect - by definition a chemically induced change in biochemistry is having an 
effect. 
Ecosystem Structure 
Population Impact 
Reduced Fitness 
Physiological alterations 
Biochemical Changes 
Minute Hour Day Week Month Year Decade 
TIME A F T E R POLLUTANT INPUT 
Figure 3. A hypothetical time-related sequence for the potential eflecls of pollutants at different le\'els of 
organisation (altered from Lobban & Harrison 1994) 
An ideal biomarker is a sensitive, integrated measure of toxicity applicable to several 
taxa and fulfils the following criteria (adapted from Huggett et al 1992 and Peakall 1994): 
1. A well-defined dose-response relationship. 
2. Specificity. I f a response is non-specific it may be useful as a first line screen for 
exposure to a stressor, but can the signal that is due to anthropogenic stress be 
detected above natural 'noise'? 
3. Relative sensitivity. How does the biomarker compare with existing endpoints and 
other candidate biomarkers? Subcellular biomarkers should ideally be rapidly 
induced by low levels of contamination. 
4. Biological speciflcity. Is the biomarker applicable to a range of organisms? 
5. Persistence. A biomarker should remain elevated with chronic exposure, i f it is 
transient it may be easily missed. 
6. Linkage to higher levels. A biomarker is most useful i f there is clear linkage to 
effects at higher levels of organisation. 
7. Applicability in the field. 
8. It should be cheap, easy and quick to measure. 
No biomarker is likely to fulfil all criteria and it has been recognised that suites of 
biomarkers may need to be employed in monitoring programmes. Sanders (1990) proposed 
the use of a tiered system of biomarkers, with Tier 1 biomarkers used to diagnose general 
non-specific stress (e.g. heat shock proteins), af\er which more specific Tier I I biomarkers 
could be employed to identify the culprit responsible (e.g. metallothionein to detect 
exposure to metals). 
There have been numerous studies of stress proteins (Stress-70 and 60 in particular) 
as biomarkers and stress protein induction has been shown to be caused by many pollutants 
at environmentally realistic concentrations (Sanders 1990, Bradley 1993, Dyer et al 1993a, 
Sanders & Martin 1994). There is evidence of the persistence of the response e.g. in 
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mussels Stress-70 and 60 remained high over eight weeks of temperature stress (Sanders et 
al 1992). Also Kee and Noble (1986) demonstrated LMW proteins remain abundant in 
desert succulents. The kinetics of stress protein induction and persistence vary with the 
stressor involved, but generally induction is slower with chemicals than heat shock and 
responses persist longer, which is thought to be due to responses to chemicals being 
dependent on uptake and availability. In particular trace metal exposure has a long recovery 
time (Amaral et al 1988, Nover 1991). 
Subcellular biomarkers are most meaningful when such responses can be linked to 
effects at higher levels of biological organisation, especially Darwinian fitness parameters 
such as grov^h and reproductive output (Huggett et al 1992, Depledge 1994). Although 
some attempt has been made to correlate stress protein responses with physiological 
responses, work has been limited and contradictory. Sanders et a/ (1991b) investigated the 
effects of copper exposure on Stress-60 levels and Scope for Growth (SFG) in mussels. A 
linear relationship was established between Stress-60 levels and copper concentration. In 
addition Stress-60 was found to be significantly elevated at a copper concentration one 
order of magnitude lower than that affecting SFG. Field studies with invertebrates have so 
far failed to find a relationship between stress protein levels and gradients of tributyltin or 
trace metals (Lundebye et al 1996, Pedersen & Lundebye 1996). 
In a recent review of stress proteins as biomarkers, De Pomerai (1996) identified 
many contradictory studies and areas of neglected research. Overall it was concluded that 
the selection of heat shock proteins as potential biomarkers was sound, but fijrther 
evaluation is required. A clear area of neglect in the field of molecular biomarkers has been 
the investigation of stress protein responses in plants. 
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Semveeds as pollution monitors 
Despite the ecological importance of plants (including seaweeds) as primary 
producers, invertebrates have dominated marine pollution monitoring. Seaweeds are 
important members of marine ecosystems; being major primary producers in coastal and 
estuarine regions and providing significant habitat and community structure (Gledhill ei al 
1997). I f seaweeds and other algae are affected by a pollution incident, this will have an 
effect at higher trophic levels. Also some species are economically important and for these 
reasons understanding the responses of seaweeds to pollutants is important. Seaweeds have 
several useful characteristics for environmental monitoring (Levine 1984, Fletcher 1991); 
• They are sessile (therefore characteristic of local environments) 
• Many species are abundant and available all year 
• Some seaweeds readily accumulate certain pollutants 
• They have a relatively simple physiology. 
• There are no moral or social taboos associated with using plants for testing. 
Analysis of algal community structure has been used to indicate pollution, with the 
presence and abundance of certain species indicating environmental conditions (Levine 
1984). One of the earliest accounts of seaweeds as pollution indicators was the report of a 
correlation between sewage pollution of estuaries and the presence of extensive sheets of 
the chlorophyte Ulva lacttica (Burrows 1971). The luxurious growth of green algae is now 
one of the best known signs of eutrophication - so called 'green tides'. Community studies 
are of\en revealing, especially when repeated in time, but have many disadvantages. A 
complete study eliminating natural variations in communities requires carefijl and long-term 
monitoring. Use of single species is more common in environmental monitoring. 
Macroalgae have had most application as biomonitors of trace metal pollution. 
Seaweeds accumulate trace metals from water and their tissue levels have been used to 
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indicate levels of exposure. A review by Phillips (1994) concluded macroalgae fulfil many of 
the criteria for good trace metal biomonitors e.g. a sedentary nature, abundance, the ability 
to accumulate metals and integrate fluctuations over time. However, a strict sampling 
procedure must be adhered to, taking factors which can affect metal accumulation into 
account e.g. growth season. This ^traditional* biomonitoring (measurement of tissue 
burdens of a pollutant) provides information on temporal and spatial bioavailability of 
pollutants. However, it gives little indication of biological impact. The relationship between 
tissue concentration and biological effect of a pollutant is often complex, especially in terms 
of organic xenobiotics, which can be metabolised to more toxic compounds (Forbes & 
Forbes 1994). 
Effects based biomonitoring, which includes the biomarker approach, is required in 
addition to chemical testing of water and sediments and 'traditional' biomonitoring. 
Seaweeds have had some application as bioassay test organisms, initially in studies of anti-
fouling compounds and using field collected material. With increasing knowledge of algal 
life cycles and better culture techniques, stock cultures have been maintained and the 
potential for developing standardised tests is increasing (Fletcher I 9 9 I & 1992, Thursby 
1993). Toxicity tests to date have been based on physiological parameters such as growth, 
photosynthesis and reproduction (Stromgren 1979 & 1980, Millner & Evans 1980, Reed & 
Moffat 1983, Thursby & Steele 1986, James eta/ 1987, Fletcher 1989, 1991 &1992, 
Anderson et al 1990, Webster & Gadd 1992, Eklund 1993.) 
There is now an opportunity for including seaweeds in marine pollution monitoring 
programmes, by developing some of the molecular biomarkers for application to these 
plants. Early stress responses involve systems common to plants and animals. The CSR in 
particular is ubiquitous and many antibodies used for analysing stress proteins are broadly 
cross reactive across phyla. Additionally seaweeds with their 'simpler' physiology may help 
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to avoid some problems associated with investigating stress proteins in animals e.g. tissue 
specific responses and variations due to reproductive state and moult stage. 
Study aims. 
The aims of this study were to investigate the CSR in the common green seaweed 
En/eromorpha spp. and explore the potential use of Stress-70 in Enteromorpha spp. 
compared to more conventional physiological responses, as a biomarker o f pollutant 
exposure and acquired tolerance. Stress-70 was chosen as an indicator of the CSR because 
it is the most widely studied hsp family, the most conserved and responds strongly to 
protein damage (Ryan & Hightower 1996). With these aims in mind, the following 
objectives were envisaged: 
1. The development of a practical and reliable Stress-70 assay in Enteromorpha spp. 
2. The application of the assay to measure Stress-70 expression in Enteromorpha spp. 
exposed to a variety of stressors in the laboratory. 
3. Where possible physiological level responses (growth and photosynthesis) would be 
measured in an attempt to relate changes in Stress-70 levels to higher level responses, 
including fitness parameters. 
4. The potential role of Stress-70 in acquired tolerance to pollutants would be investigated 
by comparing responses in copper-tolerant and copper-sensitive E. intestinalis populations. 
5. Fieldwork would be carried out, to assess the potential use of Stress-70 as an indicator of 
the status of Enteromorpha spp. //; situ. 
14 
Chapter 2 
S P E C I E S DESCRIPTION 
G E N E R A L M A T E R I A L S & METHODS 
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Species Description 
Enteromorpha spp (Plate 1) of the order Ulvales, Family Ulvaceae, were selected 
as the test organism for this study for the following reasons 
1 They have a cosmopolitan distribution (distributed from the poles to the tropics) 
2. They are common locally, fully marine and estuarine, found in polluted and 
clean areas 
3 They are available all year (maximum abundance in spring and early summer) 
4 They are easy to culture and handle (Fletcher 1989 & 1991, Say et al 1990) 
5 Compared to alternative choices such as fucoids, they are easier to extract 
proteins from - problems extracting proteins from phaeophytes include tough 
thalli and the presence of many polyphenols and polysaccharides which produce 
viscous extracts and bind proteins (Rice & Crowden 1987) 
6 Copper tolerance has been reported in Enteromorpha compressa (Reed & 
Moffat 1983) 
7 The algae have a history of use in trace metal biomonitoring and some 
application in toxicity testing (Skinner 1971, Fletcher & Chamberlain 1975, Say 
et al 1986). 
Plate 1. Enteromorpha s^^ 
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En/eromorpha spp. exhibit a high degree of phenotypic plasticity and therefore 
identification based on morphological features alone is almost impossible. For this study 
E. hues/inalis was selected and identified microscopically using the Burrows (1991) key, 
which utilises thallus shape, arrangement of cells, chloroplast shape and pyrenoid number. 
Plates 2 and 3 illustrate differences, at the microscopic level, between two common 
Enieromorpha spp. which have a similar growth habit and could be confused: E. 
intestinalis and E. prohfera. As can be seen there are striking and distinct differences in 
cell arrangement and chloroplast shape. A persistent point of contention in Enteromorpha 
spp. identification has been the classification of E. compressa. This 'species' is separated 
fi-om E. intestinalis only by the characteristic of branching, with the former being highly 
branched and latter unbranched. However, branching is a characteristic which can be 
induced by a number of environmental parameters and is often contested as a taxonomic 
feature (De Silva & Burrows 1973, Moss & Marsland 1976). Although Burrows (1991) 
places E. compressa as a subspecies of E. intestinalis, every effort was made to use 
unbranched plants during this study. 
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Plate 2: E. intestifialis, surface view of thallus (mid to basal region) showing irregular 
arrangement of rounded cells with hood-shaped chloroplasts. Mag x 700 
Plate 3: E. prolifera, surface view of thallus (mid to basal region) showing regular 
arrangement of quadrangular cells with ring-shaped chloroplast. Mag x 700 
(Courtesy of S May) 
General Methods 
This section describes methods used for the collection, maintenance and culture 
of Enteromorpha spp. Also described are the methods used for measurement of growth, 
photosynthesis, ion leakage and chlorophyll a content of Enteromorpha spp. 
Collection & Maintenance 
Enteromorpha spp. were collected from the field (midshore, at low tide) and 
transported to the laboratory in polythene bags, in a coo! box. On return to the laboratory 
the plants were carefully washed and species identity confirmed. The plants were then held 
in 101 ( I g algae per litre) tanks of 33ppt Instant Ocean plus nutrients (lOmg/l 
Na2HP04 I2H2O, 50 mg/l NaNOs) at I5°C under 16:8h light: dark 40-50 nmolesW/s 
light, with aeration (0.21/minute). Light was supplied by Phillips Cool White bulbs and 
measured using a Quantaspectrometer with a flat sensor (Techtum Instruments - model 
QSM-2500). All media were changed every 48h. 
Culture Media 
Instant Ocean was used as a medium, instead of filtered seawater due to the 
unknown composition of the fihered seawater supply. In addition to the presence of 
possible contaminants, it has been pointed out that seasonal variations occur in the nutrient 
quality of seawater and for this reason a number of authors have used artificial seawater 
media (Fletcher 1991). As a commercial product, the composition of Instant Ocean was 
known (Appendix II) and could be carefijlly controlled for pollutant studies. Instant Ocean 
does not contain chelating agents (which could affect trace metal availability) and 
correspondence with the manufacturer and other users of the product indicated a history of 
consistent, uniform performance. In particular Instant Ocean has successfully been used for 
the maintenance of Enteromorpha spp. (R. Schild per. comm.) and exposure of the algae in 
toxicity testing. 
Despite these advantages, it was recognised that there could be some variability in 
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the composition of Instant Ocean between batches. As a result, sets of experiments were 
carried out using the same batch of Instant Ocean. The presence of nitrates and phosphates 
was taken to be negligible (as per manufacturers' information) but was not checked. 
Similarly levels of copper (Cu) and zinc (Zn) in Instant Ocean were not checked. 
Concentrations were taken to be close to those cited in the manufacturers' data (Appendix 
II) at '-10^g/l Cu and - l 8 ^ g / l Zn. Although these concentrations are higher than those 
quoted for natural seawater, they are equal to those found in relatively unpolluted estuarine 
waters (Law et al 1994). The concentrations of copper and zinc quoted in chapter 4 
experiments are nominal concentrations i.e. the amount added to the Instant Ocean and do 
not take any losses due to adsorption to glassware or background levels in Instant Ocean in 
to account. The levels of Irgarol and atrazine quoted in chapter 5 are also nominal. 
On the whole. Instant Ocean was considered to be more reliable (in terms of 
composition) than the available filtered seawater supply, and simpler and cheaper to make 
up than other defined artificial media. It had a proven successfiji record for use with 
Enteromorpha spp. by past workers and this held true for this study. 
Culturing of E. intestinalis 
As the existence of inheritable tolerance to pollutants was to be investigated, 
methods for culturing offspring fi-om * parent' samples of algae were investigated. The 
lifecycle reported for most Enteromorpha spp. is an isomorphic, dioecious alternation of 
generations (Figure 4), although variations have been reported e.g. parthenogenetic 
development of gametes and species exhibiting asexual reproduction only (Innes & Yarish 
1984). The gametophyte produces biflagellate gametes and the sporophyte produces 
quadriflagellate zoospores, with spores forming at thallus tips. Both spore types differ in 
form and behaviour - gametes are spindle shaped active swimmers and are positively 
phototactic, whereas zoospores are pear-shaped, sluggish and negatively phototactic. 
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Figure 4. Typical life-cycle for Enteromorpha spp. (From Fletcher 1989) 
A. Petri dish Culture Method 
The first method utilised was culturing in Petri dishes, this was achieved by pouring 
spore suspensions into Petri dishes. Spore settlement was allowed to proceed over 24h, 
then each Petri dish was rinsed and refilled with nutrient enriched Instant Ocean (lOmg/1 
NazHPOa- I2H2O, 50mg/l NaNOs). The media was replaced weekly eventually moving the 
growing algae into tanks (Plate 4). 
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Plate 4 An 8 week old, Petri dish cultured E. mtestinahs 
B. Flask Culturing of E. intestinalis 
The Petri dish culture method described above was eventually abandoned in favour 
of a novel, improved approach to E. intestinalis culturing All published culturing systems 
for E. intestinalis involve allowing spores to settle either on cover slips or another substrate 
before moving to increasing volumes of media (Skinner 1971, Fletcher & Chamberlain 
1975, Reed & Moffat 1983). This was the approach utilised for the Petri dish culture 
method, however the system was found to have a number of drawbacks, with the major 
problems being overcrowding, leading to infections and poor growth 
In order to improve culture conditions a novel approach was investigated, based on 
growing the algae in a continuously shaking flask system The following method was 
developed 
1 A sample of E. intestinalis was collected and transported damp and cool to the 
laboratory Although 3-5 days before the highest tide of each lunar period is the time 
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when maximum spore liberation is reported to occur (Christie & Evans 1962) fertile 
plants could be found at almost any collection time. 
2. The collected algae were washed, sorted and identified in 33ppt Instant Ocean. 
3. About 30 tips were excised from the algae, when possible choosing those with signs of 
fertility (yellowing) and incubated - separately - in small dishes with 10ml of Instant 
Ocean plus nutrients (lOmg/l NazHPOj I2H2O, 50mg/l NaNOs). 
4. The tips were incubated at 15°C under 16:8h 40-50 |imoles/mVs lighting and checked 
twice daily for signs of spore release. 
5. When sporulation occurred the spore type was identified and tip discarded. 
6. Although cultures of gametes could be grown, by mixing gamete suspensions, 
identifying male and female spores was difficult and successfijl crosses were hit and 
miss. As a result only zoospore cultures were raised. 
7. For each zoospore suspension, 2.5ml was dispensed into 100ml of fresh media, in a 
250ml conical flask, plugged with non-absorbent cotton wool and incubated under the 
given conditions with continual shaking at a minimum of 150 rpm. 
8. Flasks were checked every 48h to begin with, treating any diatom infections with 
lOmg/1 germanium dioxide (Fletcher & Chamberlain 1975) 
9. 50ml of media was added every week up to 250ml. By 4 weeks plants were large 
enough to begin thinning out, usually to 3 per flask. 
10. The media was changed weekly and a maximum tissue ratio of Ig: 250ml maintained by 
using algae or trimming as required. 
Non-sterile culture conditions were used because of reports that some algae grow 
incorrectly in sterile conditions (Provasoli & Pinter 1980). One, two and 12-week-old flask 
cultured E. intestinalis plants are shown in Plates 5 - 7. Although growth appears slow in 
this system, growth rates could have been improved by increasing the culturing temperature 
to 18-20T. A 15°C culture temperature was used to maintain continuity among 
23 
experiments and reduce the chances of heat shock A 'spherical' growth form was 
observed in this system, a result of continual orbital shaking Enteromorpha thalli usually 
exhibit polarity with reproduction proceeding from the tip down and regeneration of cut 
fronds with rhizoids on the basal cut surface (Eaton et al 1966) How this polarity was 
affected in this culture system was not clear, but the algae appeared healthy, with a good 
green coloration and a steady growth rate Infections were rare in the system and because 
plants were 'free floating' they were easy to handle 
Plate 5 1 week old flask cultured E. mtestinalis (bar = 0 05mm) 
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Plate 6: 2 week old flask cultured E. intestmalis (bar = 0 1mm) 
Plate 7 12 week old flask cultured E. intestinahs 
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Measurement of growth 
Measurement of growth impairment is a common endpoint used in toxicity testing 
and considered one of the most convenient methods available (Fletcher 1991). Growth 
represents an integrated response and growth of macroalgae has been measured by a 
number of methods, dependent on the material and mode of growth. The methods used 
include; measuring increases in surface area or length of excised sections o f thallus, 
measuring fresh weight (following blotting to remove excess water), dry weight or changes 
in volume (Fletcher 1991). 
For Enteromorpha spp. (which exhibit diffuse growth) the increase in length of 
intercalary thallus sections is usually measured (Moss & Woodhead 1975, Reed & Mofi^at 
1983) and it was this method that was adopted for this study. 
Wet weight was considered for measuring growth of whole plants, however space 
restrictions meant that this was impractical. Each plant would have required incubation in 
large glass flasks with shaking or continuous aeration. Incubating sections of thallus in 
polyethylene Petri dishes had a number of advantages, requiring less algal material, media 
and cabinet space. Also aeration was not necessary, due to a high tissue surface area: 
volume ratio. In addition to problems with space, another problem was highlighted when 
attempts were made to measure growth of Enteromorpha spp. by changes in wet weight. A 
high variability in weight measurements was noted, which was attributed to the blotting 
step for removal of excess water. Attempts were made to standardise this step by using a 
set number of revolutions in a salad spinner to dry the algae. However, there was little 
improvement and the initial problems related to space restrictions remained. 
The lengths of the thallus sections were measured using vernier callipers, although 
use of an image analyser was also investigated. There was no difference in the accuracy of 
length readings taken either with vernier callipers or with a Quantimet image analyser and 
attached CCD video camera. However, the image analyser involved more time, with 
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moving samples to the machine, setting up the analyser and retrieval and analysis of data. In 
contrast the same readings could be achieved using vernier callipers immediately, in a 
growth cabinet and with data available straightaway. 
The accuracy of both methods (image analyser and vernier callipers) was compared 
by measuring 3 thallus sections, 3 times with the image analyser and again with vernier 
callipers. Vernier calliper measurements were taken by 3 individuals to reduce any human 
bias. Comparison of the resultant mean lengths and standard deviations (Table 2), by 
analysis of variance, revealed no significant difference between the two methods (P=0.953 
for mean lengths and P=0.8222 for standard deviations). All statistical analyses were 
carried out using the computer package Statgraphics Plus (Statistical Graphics 
Corporation). 
Table 2. Lengths, mean length and standard deviation of 3 thallus sections, measured in 
triplicate using an image analyser and vernier callipers 
Section Image analyser 
measurements 
(mm) 
Mean 
Length 
(mm) 
Standard 
Deviation 
Vernier calliper 
measurements 
(mm) 
Mean 
Length 
(mm) 
Standard 
Deviation 
A 25.8, 25.8, 25.7 25.8 0.058 25.7, 25.9, 26.4 26.0 0.361 
B 28.2, 28.1, 28.4 28.2 0.153 28.3,28.2, 28.0 28.2 0.153 
C 25.6, 25.9, 26.5 26 0.458 25.7, 26.2, 26.0 26.0 0.252 
Excised portions of some algae have excellent powers of regeneration, often 
resulting in the formation of whole new plants from small fragments. Part of the 
regeneration process involves the proximal (basal) region of the fragment giving rise to 
attaching rhizoidal filaments and the distal (upper) region new erect shoots. Rhizoid 
formation has been reported for Enteromorpha spp. (Reed & Moffat 1983, Scanlan & 
Wilkinson 1987) and was considered a potential problem for the growth assay. However, 
when the cut edges of the thallus sections were examined microscopically, rhizoids were 
only found when very small sections were cut (5-10mm in length). For this reason 2-3cm 
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intercalary sections were cut for growth studies, thereby removing the potential for rhizoid 
formation. 
While it is recognised that measuring the increase in length of thallus sections is 
crude, the method was very successful and proved to be sensitive, simple and quick. 
The method used for assessing growth of Enteromorpha spp. was as follows: 
1) 2 or 3 cm intercalary sections were cut from heahhy, non-reproductive fronds 
2) The sections were incubated in tri-divided Petri dishes filled with 50ml of a given 
solution (Instant Ocean with/without added nutrients and with/without pollutant). 
3) The sections were incubated for between 5 and 10 days 
4) After incubation the section lengths were re-measured using vernier callipers. Any 
sections damaged by handling, or with signs of spore formation/release (yellow/white 
patches) were not remeasured and discarded. 
5) Growth is presented as the specific growth rate (percentage increase in length per day) 
calculated using the following formula (Fortes & Luning 1980): 
Specific growth rate = 100 x (CFinal length - initial lengthVinitial length) 
number of days exposed 
Expressing growth as the percentage increase in length per day, usually calculated 
from 2 readings 5-10 days apart, assumes that growth of Enteromorpha spp. is linear over 
the test period. To check this, a short experiment was set up using some flask cultured 
Wembury E. intestinalis 
Nine, 2cm intercalary thallus sections were cut from a flask cultured Wembury plant 
and incubated in tri-divided Petri dishes filled with 33ppt Instant Ocean for 7 days, under 
the normal experimental conditions of 15°C, 16:8h light: dark 40-50 ^imoles/m^/s lighting, 
without nutrients. Section lengths were measured daily. 
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Growth was found to be linear (Figure 5), with a linear correlation coefficient of 
0.964. The average specific growth rate over the 7 days was --10% increase in length per 
day. The linear growth response over 7 days validates the use of the selected grovAh 
expression. 
As indicated above, some of the thallus sections initially cut for an experiment were 
not remeasured due to damage or signs of spore formation/ release. Therefore, for each 
experiment final n values are indicated in relevant figure legends. 
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Figure 5. Growth of flask cultured Wembury £. intestinalis 
over 7 days 
Days 0-1 n=9. Day 2 n=8. Days 3 -7 n=7 
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In addition to growth, other endpoints were investigated to elucidate the specific 
effects of pollutants. 
ChlorophyU fluorescence measurements 
Photosynthesis is another commonly measured parameter of a plant's physiological 
status. Attempts were made to measure the photosynthetic ability of Enteromorpha spp 
with a YSI model 53 oxygen electrode (Clandon Scientific), but this method was not 
pursued primarily because of difficulties in obtaining reproducible results. The thallus form 
of E. intestinalis meant that gas bubbles would collect in the thallus and when released this 
led to 'noisy' and inaccurate traces. Instead, a Plant Efficiency Analyser (PEA, Hansatech 
Ltd) was acquired for measuring the photosynthetic ability of E. intestinalis. Using the 
PEA, the chlorophyll fluorescence ratio Fv/Fm, was measured as an indicator of 
photosynthetic efficiency. 
When using the PEA with E. intestinalis it is important to understand exactly what 
the machine is detecting and how the parameters measured relate to photosynthetic ability. 
The basic processes of photosynthesis are taken to be essentially the same in higher plants 
and green algae (Lobban & Harrison 1994) and photosynthesis can be broadly split into 
two components - light reactions and dark reactions. Light reactions are those processes of 
photosynthesis requiring light energy in which ATP (adenosine triphosphate), NADPH 
(nicotinamide adenine dinucleotide phosphate) and oxygen are formed. ATP and NADPH 
are then used in the dark reactions, along with carbon dioxide, to produce sugars. 
The light reactions occur on the inner membranes of chloroplasts (thylakoids), 
where light energy is 'harvested' by pigment molecules, which are organised into 
photosystems. There are two types of photosystem - Photosystem I (PSl) containing a 
specialised Chlorophyll a molecule - P700 and PSII containing Peso In higher plants and 
green algae the main light absorbing pigments are Chi a and b. 
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When light shines on a plant, the energy content is absorbed by the photosystems 
and used in photochemistry i.e. to drive photosynthesis. However, not all the absorbed light 
energy is used for photochemistry, some is alwnys lost as heat and/or fluorescence, with 
almost all fluorescence al room temperature originating from chlorophyll molecules 
associfited with PSM. Changes in chlorophyll fluorescence can be used to indicate changes 
in photosynthesis and measurement of chlorophyll fluorescence induction kinetics is now 
widely accepted as a sensitive tool for investigating photosynthesis /// vivo (Bolhar-
Nordenkampf & Oquist, 1993). 
When a leaf is illuminated with a constant irradiance it will fluoresce at a steady 
level, but this provides little information. I f a leaf is kept in darkness for up to I hour (*dark 
adapted') and then brightly illuminated, a characteristic pattern of fluorescence occurs - the 
fluorescence induction or 'Kautsky' curve (Figure 6). The fluorescence signal reflects 
photosynthetic events and can be used to investigate the process. The fluorescence rise 
during the first second of illumination is called the 'fast phase'. It is this phase that the PEA 
records and that is related to the primary processes of photosynthesis at PSII. 
Contplcnientary area 
Lighl on 
Figure 6 - A typical Chlorophyll Fluorescence (Kautsky) curve. Adapted from 
(Buchel & Wilhelm 1993). 
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Points along the Kautsky curve are as follows: on illumination o f dark-adapted 
photosynthetic tissues, there is an immediate rise in fluorescence (F) to an initial level (Fo). 
Fo represents the emission from excited antenna chlorophyll, before electrons are ^trapped' 
by reaction centres for photochemistry (Geider & Osborne 1992). It is measured when the 
first electron acceptor called QAis ftilly oxidised, or all reaction centres are 'open' awaiting 
primary photochemistry. I f the sample is illuminated wi th a saturating light, fluorescence 
increases from Fo via an intermediate level ( I ) and often a dip (D) to a peak (P). This 
reflects a gradual increase in the yield o f chlorophyll fluorescence as the rate o f 
photochemistry declines, when the pool o f QAis increasingly reduced and reaction centres 
*close'. Fm is the maximum level o f fluorescence attained in the induction curve, usually at 
P, when all reaction centres are closed and QA is fijlly reduced. Fv, variable fluorescence, is 
simply the difference between Fo and Fm (Fm-Fo) and Fv/Fm is the calculated ratio (Fm-
Fo)/Fm. Fv/Fm is considered an estimate o f photosynthetic efficiency, specifically the 
photon yield o f PSIT (Geider & Osborne 1992). Fv/Fm is taken to be proportional to the 
quantum yield o f photochemistry and is probably the most commonly used parameter for 
indicating photosynthetic efficiency. The area above the Kautsky curve between Fo and 
Fm (complementary area) is considered to be proportional to the pool size o f the electron 
acceptors on the reducing side o f PSII (Bolhar-Nordenkampf et al 1989). A 'slow phase' 
follows P, which can last several minutes and relates to the dark reactions o f photosynthesis 
(Bolhar-Nordenkampf & Oquist, 1993). 
The PEA is a fast (0.01 ms) time resolving non-modulated fluorometer, which can 
be used to measure a variety o f * fast phase' parameters including; Fo, Fm, Fv, Fv/Fm and 
complementary area. The apparatus consists o f a variable actinic light source (0-3500 
HmoIes/mVs), which comprises o f an array o f red LEDs (650nm maximum) and 
fluorescence detector fitted with a high pass filter, only allowing light with a wavelength o f 
700nm or greater to pass. 
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Although chlorophyll fluorescence techniques were originally designed for use with 
higher plants, they have been applied to a variety o f algae (Buchel & Wilhelm 1993, Dring 
ef al 1996). O f all the marine algae, the Chlorophyta, including Enieromorpha spp., have 
the most photosynthetic pigments in common with higher plants. However, the relative 
quantities are different, with more chlorophyll b per unit o f chlorophyll a than higher plants 
or freshwater green algae (Dring 1982). Despite potential differences, Enieromorpha 
hiiestmalis was found to have a similar fluorescence response to that o f higher plants, wi th 
healthy algae yielding Fv/Fm measurements typical o f higher plants i.e. - 0.75-0.85 
(Bolhar-Nordenkampf & Oquist, 1993). 
When using the PEA, thallus sections are placed into clips which exclude light 
(Figure 7) and left to *dark adapt' for a set time, then the sample is illuminated with a burst 
o f saturating light and the chlorophyll fluorescence kinetics measured. A l l measurements 
except Fv/Fm are *area dependent' i.e. they require the thallus/ leaf to f i l l all o f the leaf clip 
area. As Enteromorpha spp. thalli were not always wide enough to f i l l this area, Fv/Fm was 
mainly measured during this study. Interpretation o f changes in chlorophyll fluorescence are 
based on the assumption that samples are fully dark adapted and dark-adaptation limes vary 
with conditions and test species. Saturating light intensities also vary f rom species to 
species, with the period o f dark-adaptation and growing conditions. Therefore it was 
important to determine the correct irradiance setting and dark adaptation time for E. 
hUestinalis. This was carried out as recommended in the operating manual and determined 
to be 100% ( o f the maximum irradiance emitted by the PEA light source) and 10 minutes 
respectively. 
The PEA was developed for higher plants and the effect o f desiccation during dark 
adaptation was identified as a potential problem when using the machine wi th E. 
hitestinalis. A measure o f the Fv/Fm o f 3 thallus sections dark adapted in air versus those 
dark adapted when submerged revealed a small, but significant reduction (P=0.0441) in the 
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Fv/Fm o f those dark adapted in air. To avoid this problem thallus sections were dark 
adapted in clips whilst submerged. Clips were then quickly dried o f f before readings were 
taken. 
Exposed loof oreo 
Pivot 
Shjtter plate 
Locating ring for sensor unil 
foom pod 
Figure 7, A leaf/ thallus clip used with the Mansatech PEA 
Use o f the PEA revealed the machine to be suitable for analysis of/? . intcslinaJi.s. 
The PEA was quick and easy to use and the non-destructive nature o f the method was 
particularly useful, enabling repeated measurements to be taken on the same section. 
Ian leakage 
Ion leakage is considered to be an indicator o f damage to the cell membrane and has 
been used to assess the response o f cell membranes to a variety o f pollutants (Axelsson & 
Axelsson 1987, Schild el al 1995). 
Ion leakage measurements were taken using the following protocol developed by 
Schild e / f l / (1995) : 
1) I g samples o f E. in/estinaiis were each dispensed to 200ml o f a given solution. 
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2) After 10 days incubation each algal sample was rinsed twice in 100ml distilled 
water for - 2 seconds to remove ions f rom seawater 
3) The algae were then placed into 50ml o f distilled water and left for 2 minutes 
(Sample 1) 
4) The algae were transferred to another 50ml o f distilled water and boiled for 5 
minutes. The algae were discarded and resulting solution retained (Sample 2) 
5) Sample 2 was cooled and the conductivity o f samples I and 2 were then 
measured. 
6) The level o f ion leakage is presented here in terms o f a Health Index calculated 
using the equation: 
% Heahh Index = 100 - (100 x (Conductivity o f ions lost on boiling 
Conductivity o f all ions)) 
i.e. % Health Index = 100 - (100 x (Sample 2 / (Sample 1 + Sample 2)) 
A Health Index was calculated to enable concentration-response curves to be 
plotted where the parameter under measurement (i.e. the Health Index) falls with an 
increase in the concentration o f toxicant present.This shape o f concentration -response 
curve is most common in toxicity testing and easier to interpret and analyse with current 
software. 
Chlorophyll a content 
A number o f authors have reported changes in the pigmentation o f algae exposed to 
a variety o f pollutants (Molander et a! 1990, Tewari ei a! 1990, Abalde et a! 1995, Cid ei 
al 1995, Gustavson & Wangberg 1995). In this study Chlorophyll a was measured using 
the following protocol (Amon 1949): 
1) 0.5g samples o f E. intestinalis were dispensed to 100ml o f a given solution. 
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2) After 7 days each sample o f algae (^0.5g) was weighed and ground in 10ml 
80% acetone with some sand in a pestle and mortar. 
3) The extract was decanted into a centrifuge tube and centrifliged at 2000rpm for 
3 minutes. 
4) The supernatant was decanted into a cuvette and using a CECIL 
Spectrophotometer the optical density o f the sample at 663nm and 645nm was 
measured against an 80% acetone blank. 
5) The chlorophyll a content o f the sample was then calculated using following 
formula: 
Chi a (mg/l) = (12.7 x Ab 663nmH2.69xAb645nm). 
mg Chi a/g fresh weight = Chi a (mg/H 
fresh weight (g) x 100. 
Exposure Conditions 
During all experimental work (for all parameters measured) flasks and Petri dishes 
were incubated in growth cabinets at 15°C with 40-50 ^moles/m^/s 16:8 lighting. A l l 
solutions were changed every 48h and all glassware was acid-washed prior to use. 
The next chapter describes the development o f an assay for the measurement o f the 
protein Stress-70 in algal samples. 
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Chapter 3 
D E V E L O P M E N T O F A STRESS-70 ASSAY F O R ENTEROMORPHA 
SPP. & 
T H E H E A T SHOCK RESPONSE O F E. INTESTINALIS 
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Introduction 
Due to possible interspecific differences in Stress-70 expression and physiological 
responses, one species o f Enteromorpha - E. ifiiestinalis was used in the majority o f 
experiments. Consequently the Stress-70 assay was developed for use wi th this species. 
Several methods have been used for measuring relative levels o f heat shock proteins 
in various organisms (Stegeman etal 1992, Goering 1995), with the two most commonly 
applied techniques being: metabolic labelling wi th autoradiography and immunoassays: 
• Metabolic Label l ing. This involves incubating the tissue o f interest wi th a radiolabelled 
amino acid such as ^^S-methionine. The tissue is then homogenised and extracted proteins 
separated by 1 or 2-D polyacrylamide gel electrophoresis (PAGE). Amino acid incorporation 
into proteins is visualised by autoradiography. This technique gives information on the entire 
translational profile o f proteins. In recent years this technique has lost favour because 
translational profiles are transient and de novo protein synthesis is rare during chronic low-
level pollution exposure. Application to field samples is o f little use, as any stress proteins 
already accumulated are not detected. In addition the technique is time consuming, 
expensive, technically demanding and there is increasing reluctance to handle radioisotopes. 
Although useful as a preliminary screen to profile proteins produced by acute exposure to 
specific stressors, metabolic labelling is o f limited use for routine monitoring (Sanders 1990, 
Goering 1995). 
• Immunoassays (ELISAs, Western and dot/slot blotting). These methods make use o f 
stress protein specific antibodies. Western blotting is currently the most wadely used 
immunoassay technique (o f 21 papers published during 1990-1996, in which immunoassays 
were used to measure stress proteins, 19 involved Western blotting, 5 dot-blotting in 
addition to Western blotting and 2 were based on ELISAs) . Western blotting involves 
extracting proteins from samples, separating them by 1 or 2-D PAGE, then transferring 
proteins to a membrane, usually nitrocellulose. The protein o f interest is then probed for 
38 
using a radioisotope or enzyme-linked antibody and visualised by a colour change or light 
production. Radioactivity or light produced can be detected on film, whilst colour changes 
are visualised on the membrane. Finally, densitometry can be used to quantify the optical 
density o f the signal (usually as absorbance units), which relates to the amount o f protein 
present. Western blotting is a widely used term to describe protein blotting, as Southern and 
Northern blotting refer to D N A & R N A respectively (Gershoni 1994). 
Western Blotting 
As Western blotting was required in order to check antibody cross-reactivity to 
Enteromorpha spp. and due to the popularity o f the technique, it was decided to investigate 
use o f an improved Western blotting protocol for the semi-quantification o f stress proteins, 
as described by Lundebye et a/ (1995). 
More sophisticated protein quantification tools include ELISAs (enzyme-linked 
immunosorbent assays) and RIAs (radioimmunoassays), but these were not pursued. There 
have been limited reports o f ELISAs being used for stress protein analysis, but these have 
not been widely applied (Adham et al 1991,Gutierrez & Guerriero 1991). 
In the majority o f stress protein studies using Western blotting, gels have been loaded 
with samples o f equal total protein content and absorbance units used to indicate the amount 
of protein present in each sample. Although the nature o f blotting techniques means that they 
are at best semi-quantitative, this basic method can be improved upon by the inclusion o f a 
standard on gels. 
The technique described by Lundebye et a/ (1995), for stress protein analysis o f 
crab and mussel tissues, involves the inclusion o f internal standards on gels to enable the 
construction o f calibration curves. Calibration curves were found to improve reproducibility 
o f results within and between blots rather than direct comparison o f absorbance units. 
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An alternative method described by Sanders et a/ (1991b, 1992 & 1994b) for 
improving quantification o f blotting procedures involves serially diluting samples, along with 
a standard and determining the dilution at which the signal reached background for each. 
The detection limit o f samples is then related to that o f the standard. This method was not 
used because it limits the number o f samples that can be analysed and has been criticised for 
relying on a single endpoint (Catty 1989). 
Materials <f i methods 
Basic Protocol 
The improved Western blotting technique described by Lundebye et al (1995) for 
Stress-70 analysis is as follows: 
1. Proteins were extracted from tissues and total protein determination o f samples 
performed using the Bradford method (Bradford 1976). 
2. Samples were diluted in Laemmli buffer (Laemmli 1970), boiled and proteins separated 
by I D SDS-PAGE on 10% resolving mini-gels wi th 5% stacking gels, run at 35mA per 
gel in a Hoefifer Se 250 Mighty Small Electrophoresis System. 
3. Each 15 well gel was loaded wi th molecular weight markers and a suitable standard 
(extract o f heat shocked tissue f rom the organism under investigation) serially diluted for 
the construction o f a calibration curve, in addition to samples o f equal total protein. 
4. Proteins were transferred using a Pharmacia Nova Blot semi-dry blotter to nitrocellulose 
membranes 
5. Next the nitrocellulose membranes were: 
• Blocked overnight with 5% dried-milk powder in tris-buffered saline (TBS). This 
'blocks' all unoccupied binding sites on the membrane. 
• Rinsed twice in TTBS (TBS wi th 0.05% tween) and TBS 
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• Incubated for 1.5hwith 1:1000 mouse monoclonal anti-hsp70 antibody (clone 3a3, 
Affinity Bioreagents) diluted in TBS 
• Blocked again for 30 minutes and rinsed twice, for 5 minutes, in TTBS (TBS wi th 
0.05% tween) and TBS 
• Incubated for 1.5h with 1:1000 alkaline phosphatase linked goat anti-mouse IgG. 
• Rinsed with TTBS and TBS and then developed for 30 minutes with p-nitro blue 
tetrazolium chloride and 5-bromo-4-chloro-3-indoyl phosphate ptoludine ( N B T & BCIP) 
for a set time. These compounds react with the alkaline phosphatase on the secondary 
antibody, producing a colour signal on the nitrocellulose. 
6. Finally blots were scanned using a densitometer (Pharmacia L K B Ultrascan with 
appropriate software) and peak areas (Au*mm) recorded. Calibration curves for each blot 
were plotted (Au*mm versus total protein content o f standard) and a regression model 
fitted. The resulting equation was used to determine the relative amount o f Stress-70 
( A U ) in different samples. 
Protein Extraction 
In Western blotting, sample preparation is the most important step in protein analysis 
and development o f an efficient method for extracting proteins from Enteromorpha spp. was 
the first challenge to be tackled. 
A literature search revealed limited information on PAGE o f seaweed proteins but 
there have been numerous stress protein studies in higher plants and microalgae (Key et al 
1981, L in et al 1984, Burke et al 1985, Hwang and Zimmerman 1989, Kimpel et al 1990, 
Lage et al 1994). From these publications a basic *recipe' for stress protein extraction 
buffers was determined as follows: Tris-HCI buffer pH6.8-8.5 (0.025-0.25M), with a thiol 
i.e. B-mercaptoethanol or dithiothreitol ( D T T ) , a detergent - usually sodium dodecyl 
sulphate (SDS) or Triton-X 100 and the protease inhibitor phenylmethylsulfonyl fluoride 
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(PMSF). Mechanical homogenisation e.g. a Polytron was most often applied and usually 
protein extracts were concentrated by acetone precipitation. 
Various extraction protocols (different combinations o f buffers and homogenisation 
methods) were compared using sub-samples o f a pool o f heat shocked (4h at 30°C with 24h 
recovery at 15°C) Enteromorpha intestinalis, frozen at -80°C. 
The total protein content o f the various extracts was determined using the Bradford 
Assay (Bradford 1976) and samples were then stored at -80°C until use. The Bradford assay 
was chosen as it is less affected by the presence o f chlorophyll in samples than the Lowry 
protein assay (Harrison & Thomas 1988) and is fast, simple and sensitive. 
Extracts ( lO^g total protein) were then used for Western blotting as described by 
Lundebye et a/ (1995), using the anti-hsp70 antibody 3a3. The following protein extraction 
protocol using a buffer described by Lage et al (1994) was found to give best results, in 
terms o f strong tight bands on the Western blots: 
1. Frozen plant tissue was placed in a pre-chiiled (-80°C) pestle and mortar and ground in 
liquid nitrogen until a fine powder was achieved. 
2. The powdered tissue was weighed into a chilled test-tube and 2 volumes o f cold 
homogenisation buffer added (25mM Tris-HCI pH7.8 10% glycerol 0.05% Tr i lon -X 
100, 5mM D T T ) with a suite o f protease inhibitors (PMSF(IOOnM), antipain ( l ^ g / m l ) 
and pepstatin-A(l^g/ml)). 
3. Samples were fijrther homogenised, on ice, using a Polytron wi th 3x15s bursts and 15s 
intervals. 
4. The smooth homogenate was decanted into centrifijge tubes and sonicated for 3 x 15s 
with 30s intervals, adding more PMSF (lOO^M) prior to sonication. 
5. Samples were centrifijged at 30,000g for 30 minutes at 4°C 
6. Each supernatant was removed to a 50ml centrifijgation tube and 5 volumes o f - 2 0 ° C 
acetone added, then left overnight at -20°C. 
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7. Precipitated proteins were collected by centrifligation at 25,000g for 25min at 4°C, dried 
under nitrogen and resuspended in 0. I M Tris-HCl 5mM D T T . 
Results <£ Discussion 
Plates 8 and 9 show typical blots achieved prior to and following optimisation o f the 
extraction method. The antibody consistently reacted to produce a double band -70kDa, 
thought to be hsp70 & 72 (the constitutive and inducible forms o f Stress-70). These bands 
could not be resolved by densitometry. 
The strong cross reactivity o f monoclonal antibody 3a3 (mAb 3a3) with E. hitestinalis 
samples illustrates the conservation o f Stress-70, as this antibody is raised against human 
hsp70. M A b 3a3 is produced from mice immunised with recombinant human hsp70 over 
expressed in E. coli. 
Sanders et al (1994a), reported that mAb 3a3 detected both a 10 & 72 kDa protein 
with the microalga Cyanidhtm caldarhim. In humans the antibody reacts w i th hsp70, hsc70, 
hsp72 and p75 i.e. it detects both constitutive and inducible hsp70 forms. I t appears that 3a3 
recognises an epitope located between amino acids 504-617 o f human hsp70 - the region 
involved in stress induced nucleosome localisation (Aff in i ty Bioreagents Data Sheet) that is 
common to many members o f the Stress-70 family. 
It was thought that because mAb 3a3 detects both constitutive and inducible forms, 
any assay based on the antibody might have reduced sensitivity. Blots were run wi th a 
commercial antibody specific for the inducible form o f Stress-70 (Stressgen C92F3A-5) 
however this showed no cross reactivity. 
Further experiments over the summer o f 1995 produced promising results in terms o f 
linear calibration curves, but also highlighted a number o f problems associated wi th Western 
blotting. First, the technique was expensive in terms o f time and consumables. 
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Plate 8: A poor resolution Western blot o f E. intestmalis protein, achieved prior to 
optimisation o f protein extraction technique. Heat shocked tissue extracts, wi th molecular 
weight markers ( M W M ) highlighted 
Lanes 1 to 4 5 to 8 M W M 
Plate 9: A high resolution Western blot o f E. intestinalis protein samples prepared 
with an optimised extraction technique. Lanes 1-4 : extract prepared by grinding in liquid 
nitrogen only. Lanes 5-8: extract prepared by liquid nitrogen grinding, fol lowed by Polytron 
homogenisation 
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The extraction protocol took 2 days and each gel run 3 days (1 day casting gels, Iday o f 
electrophoresis and 1 day o f blotting). Secondly, due to the number o f steps involved there 
were many opportunities for errors and variability to be introduced. In addition, only a low 
number o f samples could be processed during each gel run and therefore Western blotting 
was abandoned in favour o f slot blotting 
Slot Blotting 
Since Western blotting had shown that mAb 3a3 recognised a single band at 70 kDa 
(densitometry could not resolve the doublet), a Stress-70 assay based on slot blotting was 
developed. 
Briefly, dot/slot blotting is Western blotting without separation o f proteins by PAGE. 
The protein extract is blotted directly onto a membrane (usually nitrocellulose) by gentle 
vacuum. Then the membrane is probed in the same way as a Western blot (Hawkes et al 
1982, Towbin & Gordon 1984). Dot blots involve focussing samples in a circle, whereas slot 
blots produce a thin line, which is easier to read with a densitometer. The advantages o f 
dot/slot blotting include considerable simplification o f the Western blotting method yielding 
savings in time and money (Mink & Johnston 1996). In addition larger numbers o f samples 
can be screened by dot/slot blotting e.g. the BioRad slot blotter accommodates 48 samples. 
The only drawback o f dot/slot blotting is that proteins are not separated prior to 
application to the nitrocellulose, so cross reacting or interfering substances may be present in 
samples. By performing Western blotting prior to using slot blotting the presence o f cross-
reacting substances can be checked. 
Dot blotting has been applied with success, in a number o f stress protein studies 
(Cochrane c / a /1991 , Sanders a/ 1991b, 1992 & 1994b, Sanders & Mart in 1993, Ortiz e/ 
a/ 1995). 
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Goodarzi & Turner (1994) reported that slot-blotting with enhanced 
chemiluminescence (ECL) detection was an ultrasensitive technique for the quantitative 
analysis o f proteins and glycoproteins. Therefore this detection method was selected for the 
slot blotting protocol instead o f alkaline phosphatase. The Amersham E C L ^ ' system is 
based on horseradish peroxidase, where blue light is generated by the oxidation o f luminoi in 
the presence o f an enhancer molecule (Figure 8). ECL has a number o f advantages over 
alkaline phosphatase as a detection technique in blotting - it offers excellent signal to noise 
ratio, is rapid and perhaps the most sensitive system available. In addition it provides a 
permanent hard copy result o f the blot on film (Durrant & Fowler 1994), whereas alkaline 
phosphatase signals on nitrocellulose fade and nitrocellulose is very fragile, tearing easily on 
drying out. 
In order to improve the quantitiative nature o f this method, the approach o f 
Lundebye et a/ (1995) i.e. running internal standards for the construction o f calibration 
curves, along with samples was applied to slot blotting. 
Secondary Antibody 
Penicid 
Protein 
Oxidised produa 
Oxidised form of 
enzyme 
+ 
Luminoi 
Enhancer 
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Nitrocclluose 
I 
H>perfilm-ECL 
Figure 8: Principles o f ECL*^' detection (adapted from Amersham 1995) 
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Materials & Methods 
Basic Protocol 
Using a Bio-Dot SF microfiltration apparatus f rom BioRad (Figure 9), after a 
number o f trials, the following protocol was developed: 
1. Proteins were extracted from tissues and total protein determination o f samples 
performed using the Bradford method (Bradford 1976). 
2. Nitrocellulose and blotting papers supplied with the BioRad slot blotter were soaked in 
tris buffered saline (TBS). 
3. Samples and standard were diluted in TBS with 1% SDS (sodium dodecyl sulphate) and 
5mM D T T , then boiled for 3 minutes. 
4. After TBS was applied to rehydrate the membrane, samples (15 - 25^g total protein) and 
standards were applied to the membrane using gentle vacuum. 
5. Each blot was loaded with duplicate sets o f serially diluted standard and samples o f equal 
total protein. 
6. Next the nitrocellulose membranes were: 
• blocked for Ih with 5% dry milk in TBS (5% blocker) 
• Rinsed twice in TTBS (TBS with 0.05% tween) and TBS 
• Incubated for 1.5h with 1:1500 mouse monoclonal anti-hsp70 antibody (clone 3a3, 
Aff ini ty Bioreagents) diluted in 2% blocker 
• Blocked for 30 minutes in 2% blocker and rinsed twice, for 5 minutes, in TTBS (TBS 
with 0.05% tween) and TBS 
• Incubated for Ih with 1:1000 horseradish peroxidase linked sheep anti-mouse IgG 
diluted in 2% blocker. 
• Rinsed with TTBS and TBS and then developed with the Amersham ECL*^* kit as per 
manufacturers instructions. After incubation in E C L detection reagents, the blot was 
exposed to Hyperfi lm-ECL for 10 minutes. 
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7. Films were scanned using a densitometer (Pharmacia LKB Ultrascan with appropriate 
software). Calibration curves for each blot were plotted (Au*mm versus total protein 
content of standard) and a regression fitted. The resuhing equation was used to 
determine relative amount of Stress-70 (AU) in different samples. 
Sample template with attached sealing screws 
Membrane 
Filter paper (3 sheets) 
Sealing gasket 
Gasket support plate 
Vacuum manifold 
Tubing and ftow valve 
Figure 9: Bio-Dot SF Apparatus 
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Protein Extraction 
Two changes were made to the Western blotting protein extraction method. As 
proteins are not separated on a gel, a 'cleaner' extract was required. Initial blots run with 
samples prepared by the Western blotting extraction method were found to bind unreliably. 
As a result an ultracentrifligation step was introduced. 
Also, in order to reduce the time that the extraction method took, the overnight 
acetone precipitation step was replaced by using Centricon centrifugal concentrators with a 
30kDa cut off (Figure 10). Centricons work by forcing the liquid in the protein extract 
through a membrane, which retains the proteins of interest. A check with Western blotting 
showed that recovery was still good and bands tight. 
The final extraction protocol used for samples analysed by slot blotting was: 
1. Frozen plant tissue was placed in a pre-chilled (-80°C) mortar and pestle and ground in 
liquid nitrogen until a fine powder was achieved. 
2. The powdered tissue was weighed into a chilled test-tube and 2 volumes of cold 
homogenisation buffer added (25mM Tris-HCI pH7.8 10% glycerol 0.05% Triton-X 
100, 5mM DTT) with a suite of protease inhibitors (PMSF (lOO^M), antipain ( l^g/ml) 
and pepstatin-A(lpg/ml)). 
3. Samples were fijrther homogenised, on ice, using a Polytron with 3x15s bursts and 15s 
intervals. 
4. The smooth homogenate was decanted into centrifijge tubes and sonicated for 3 x 15s 
with 30s intervals, adding extra PMSF (lOO^M) prior to sonication. 
5. Samples were centrifijged at 100,000g for 60 minutes at 4°C. 
6. 2ml of supernatant was removed to a Centricon 30 and concentrated by centrifugation 
for 75 minutes at 4°C and 5,000g. 
7. The concentrated extract was then assayed and fi-ozen. 
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Figure 10: Concentration of a protein solution using the Centricon system 
(From Bollag et al 1996) 
Within & Between Blot Variability 
After a protocol was developed that gave a good strong signal on a low background, 
an assessment of within and between blot variability was carried out by loading duplicate 
^calibration curves' on triplicate blots. To achieve this, an 'in house' standard of heat 
shocked E. intestinalis extract was serially diluted to give loadings of 30, 15, 7.5, 3.75 & 
1.875 jig total protein. This study was also aimed at producing information on the 
relationship between concentration of protein loaded and optical signal generated. 
Statgraphics Plus (Statistical Graphics Corporation) was used to analyse the best 
fitting regression model for the calibration curves. Calibration curves within and between 
blots were compared by ANOVA and coefficients of variability ((SD mean) x 100) were 
recorded for repeat measurements. 
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Results 
A square root x (y=a+bVx ) model fitted best to all curves (Figure 11 & Table 3). All 
correlation coefficients were greater than 0.95 (Figure 11.). Within and between (when 
comparing an average of the two intra-blot calibration curves) blots there was no significant 
difference between curves (P>0.05). On the whole, coefficients of variability increased with 
decreasing total protein (Table 3). 
Table 3. Coefficients of variability ((standard deviation mean) x 100) for calibration 
curves. Both within and between blots. 
Total Protein Blot A Blo tB BlotC Combined Blots 
Loaded (ng) (%) (%) (%) (%) 
30 4.1 5 11.4 6.7 
15 0.4 15.3 10.8 11.8 
7.5 13.8 26.1 17.1 20.2 
3.8 3.3 33.2 25.1 19.8 
1.9 21.5 45.1 54.6 35.2 
Discussion 
Compared to Western blotting, slot blotting was a definite improvement in terms of 
savings of time and materials, however due to the cost of antibodies this was still a relatively 
expensive technique. Dot/slot blotting also enabled more samples to be analysed. 
Although the square root x relationship between concentration of protein loaded and 
optical signal generated was not an 'ideal' linear relationship, it was consistently produced 
and did not vary significantly within or between blots run on the same day. The non-linear 
relationship observed, illustrates the inaccuracy of using absorbance units to indicate levels 
of protein on blots - a doubling in signal strength does not necessarily indicate a doubling in 
levels of the protein. This lends weight to the importance of including a standard on blots. 
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Figure 11 : Plot of Square Rool-X model fitted to 6 slot blot calibration curve 
(Duplicate curves on three blots.) 
(Correlation coefficients for each of the 3 blots was 98Vo) 
95% confidence limits (large dashes) and prediction limits (small dashes) shown 
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Ideally an assay should yield coefficients of variability (CVs) of less than 10% for 
repeated measurements of a sample, though up to 20% is generally accepted (Kemeny 
1991). CVs less than 20% and approaching 10% were recorded for repeated measures of 
total protein concentrations above 7.5^g. As a good signal to noise ratio was achieved and 
intrablot variability was low, it was decided to use the technique as described, loading 
samples of 10-25^g total protein content. In addition, since taking an average of duplicate 
curves removed any difference between blots, it was decided to load duplicate serial 
dilutions of a standard (for the construction of calibration curves) and duplicate samples on 
each slot blot. 
The sensitivity and reliability of the technique was assessed by using it in an 
experiment as discussed below. 
Characterisation of the heat shock response of £*. intestinalis 
Background & A ims 
Heat shock was the first observed and is now the best studied inducer of the CSR. 
For nearly all organisms studied a typical heat shock response pattern has been observed 
with maximum stress protein expression at S-\(fC above optimum growth temperature. As 
described in the introduction, there have been two publications regarding the heat shock 
response in seaweeds, with a typical response detected in two seaweeds - Plocamium 
cartilagineum, and Porphyra umbilicalis (Reith & Munholland 1991, Vayda & Yuan 1994). 
The aims of the following experiment were: 
1. To characterise the pattern and time-course of the heat shock response of 
E. intestinalis in terms of Stress-70 expression. 
2. To use this 'model* stressor to assess the sensitivity and reliability of the Stress-70 assay. 
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Materials *& Methods 
Collection & Maintenance 
Enteromorpha intestinalis was collected and maintained for 96h as described 
(chapter 2) The algae were collected in April on a cool day after a week of cool weather to 
minimise the likelihood of heat shock in situ Any stress protein induction due to pollution 
in situ was also minimised by collecting from what is considered a clean site - Wembury Bay 
(Plate 10). Wembury Bay (OS SX 517484) on the South Devon coast (Appendix I) is part 
of a designated Voluntary Marine Conservation Area established in 1981 The area supports 
a high diversity of marine life including many species of macroalgae and is subjected to few 
impacts and low boat traffic 
Plate 10: Wembury Bay, South Devon Coast at low tide 
Experimental Design 
After acclimation, Ig samples of algae were each dispensed to 250ml of Instant 
Ocean plus nutrients at 15, 20, 25, 30 or 35T. Three x Ig samples were incubated at each 
temperature and 'snap' frozen in liquid nitrogen after 24h for the temperature range study 
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For the timecourse investigation an extra 8 samples were incubated at 15 and 30°C 
and 2 were fi-ozen after 1, 8 and 24h incubation. All samples were stored at -80°C until 
processing for Stress-70 analysis. Proteins were extracted by the previously described slot 
blotting extraction procedure. 
For the temperature range study, slot-blotting was carried out as described, loading 
duplicate serial dilutions of *in house' standard (for calibration curves) and duplicates of 
each sample (10^g total protein). The loading pattern was as illustrated in Figure 12a where 
Clto C6 refers to calibration curves ranging fi-om 30|ig total protein to 0.9375ng total 
protein. Blanks consisted of dilution buffer alone, but treated as a sample extract. 
After the resulting films were read by densitometry, a square root x model was fitted 
to the calibration curves and the peak areas (Au*mm) of duplicate readings for each sample 
were read off" the calibration curve and divided by 10 to give relative Stress-70 per fig total 
protein. Duplicate measurements were pooled for statistical analysis. This blot (Blot A) was 
repeated 12 days later but loading 15^g total protein samples - Blot B, in the same pattern 
(Figure 12b). 
For the timecourse study, slot-blotting was again carried out as described, loading 
duplicate calibration curves o f ' i n house' standard and duplicates of each sample (15^g total 
protein). The loading pattern was as illustrated in Figure 13. 
Statistical Analysis 
A nested ANOVA was carried out (after log transformation to rectify non-
homogeneity of variance) to assess the significance of treatment on Stress-70 levels. There 
are 3 sources of variation affecting Stress-70 data: differences due to treatment, differences 
between samples within treatment groups and finally diffierences between repeated measures 
of a same sample (technique). These nested factors must be accounted for as they may alter 
the significance of the prime, experimental factor (Underwood 1981). I f treatment was found 
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to be significant, groups were compared by t-tests taking nested factors into consideration. 
Coefficients of variability were also recorded for repeated measures. 
Results 
Temperature Range 
After 24h exposure samples at 3 5 ^ were sweet smelling and disintegrating. They 
also yielded low total protein levels on extraction, compared to the other samples. 
Blot A (Plate 11): there was no significant difference between the duplicate 
calibration curves and the square root x fit for the average curve was strong (correlation 
coefficient 0.91). Blanks gave no background signal, but uneven slot loading and some 
damage at slot edges was evident on the blot. On a qualitative level an increase in Stress-70 
levels at 25°C, with maximum expression at 30°C, before falling off" again was observed. 
When results were quantified and statistics applied treatment had a significant effect, with 
Stress-70 levels at 25 and 30°C significantly raised (P<0.05) compared to 15''C samples 
(Figure 14). The majority of repeated measures had CVs less than 20%, but a few were 
approaching 35%. 
Blot B (Plate 12): As with Blot A there was no significant difference between the 
duplicate calibration curves and the square-root x fit for the average curve was good 
(correlation coefficient 0.95). Compared to Blot A slot loading was more even and there was 
no significant difference in calibration curves between blots. Again on a qualitative level an 
increase in Stress-70 at 25°C was observed, with maximum expression at 30°C. When results 
were quantified and statistics applied treatment had a significant effect, with Stress-70 levels 
at 25 and 30°C significantly raised (P<0.05) compared to \5°C samples (Figure 14) and 
levels at 35°C significantly reduced. For duplicate readings all CVs were less than 25%, with 
the majority less than 10%. A comparison of Blot A and B (Figure 14) revealed near 
identical response patterns, but significantly different (P<0.05) absolute values. 
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Cl C2 C3 C4 C5 C6 
15''Ca 20Ta 25Ta 30Ta 35Ta Blank 
15Tb 20Tb 25Tb 30Tb 35Tb Blank 
IS'Cc * 20Tc 25Tc 30Tc 35Tc Blank 
l5Ta 20Ta 25Ta 30Ta 35Ta Blank 
15Tb 20Tb 25Tb 30Tb 35Tb Blank 
15Tc 20Tc 25Tc 30Tc 35Tc Blank 
CI C2 C3 C4 C5 C6 
Figure 12a. Slot blot loading pattern for the heat shock response - temperature range study 
Ci C2 C3 C4 C5 C6 
i5Ta 20*Ca 25Ta 30Ta 35Ta Blank 
i5*a> 2(fCb 25Tb 30Tb 35Tb Blank 
15Tc 2(fCc 25Tc 30Tc 35Tc Blank 
15Ta 20°Ca 25*'Ca 30**Ca 35Ta Blank 
15Tb 20*Cb 25Tfo 3G°Cb 35Tb Blank 
15Tc 20Tc 25Tc 3'OTc 35Tc Blank 
Cl C2 C3 C4 C5 C6 
Figure 12b. Slot blot loading pattern for the heat shock response - temperature range study 
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Plate 11: Slot blot of protein extracts fi-om E. intestinalis samples exposed to a range of 
temperatures for 24h (refer to Figure 12a (overlay) for details on loading pattern). SLOT A 
Plate 12: Slot blot of protein extracts fi^om E. intestinalis samples exposed to a range of 
temperatures for 24h (refer to Figure 12b (overiay) for details on loading pattern). SLOT B 
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I5°C lha 15°C 8h a IS'^ C 24ha 30°C l ha 30°C 8h a 30T 24h a 
15°C Ihb 15T 8hb 15°C 24hb 30X I h b 30X 8h b 30°C 24h b 
15°C l ha 15°C8ha 15°C 24ha 30°C l h a 3 0 ^ 8h a 30''C 24h a 
15°C Ihb 15°C 8hb 15**C 24hb 3 0 T I h b 3 0 T 8h b 30°C 24h b 
Figure 13. Slot blot loading pattern for the heat shock response - timecourse study 
Timecourse 
On the slot blot of the heat shock timecourse (Plate 13) there was no significant 
difference between the duplicate calibration curves (not shown) and the square root x fit for 
the average curve was strong (correlation coefficient 0.94). Loading was even, but some 
slots had missing signals (column 4, row 3 & column 5, row 4). On a qualitative level an 
increase in Stress-70 levels after 8 and 24h at 30°C was observed. When quantified Stress-70 
levels were significantly affected by treatment, being raised at 8h and 24h exposure to 30°C 
(P<0.05) compared to levels in the 15°C samples, which did not alter significantly over 24h 
c 
(Figure 15). 
Plate 13: Slot blot of protein extracts fi-om E. intestinalis samples exposed to 15 or 
30°C for 1, 8 & 24h (refer to Figure 13 above for details on the loading pattern). 
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Figure 14. The effect of temperature on S t r e s s - 7 0 levels of 
E. intestinatis. Data from two slot blots shown [Mean ± S E ) 
• Blot A. * Blot B n^3 for all temperatures 
0.6 n 
2 0.5 
2 0.4 H 
o 0.3 
r~ 
I 
to 
£ 0.2 
CO 
o 
5 0.1 
i 
T 1 1 1 1 r 
15*C 1h 15'C 8h 15*C 24h 30*C 1h 3 0 ' C 8h 3 0 ' C 24h 
Temperature C O and exposure time 
Figure 15. The timecourse of heat shock at 30*C in E. intestinatis 
with samples kept at 15 'C for comparison. Data presented as Mean ± S E . 
n=2 for all temperatures 
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Discussion 
Temperature Range 
This study showed that the Stress-70 assay was sensitive enough to detect 
statistically significant changes in Stress-70 with temperature stress and a typical heat shock 
response with maximum Stress-70 expression at - 3 0 T . A thermal limit at 30-35T was also 
observed for E. intestinalis. 
Enteromorpha spp. are eurythermal and survive in temperatures fi-om 0 to 30T, 
with optimum growth in a broad range at 10-20T (Skinner 1971, Fortes & Liining 1980, 
Bjornstater & Wheeler 1990). Therefore maximum Stress-70 expression would be expected 
in the range 20-30T. This is consistent with what was found. 
The repeat blot supported the results of the first, yielding the same response pattern 
on both a qualitative and quantitative level. Blot quality was better on the repeat run, with 
more even bands and lower CVs, indicating that loading more than lO^g total protein gives 
better results. Although absolute values diffisred between blots, calibration curves did not, so 
this discrepancy was attributed to the difference in amount of total protein loaded for 
samples. For subsequent slot blots a standard 20ug total protein was loaded and where 
possible any samples to be compared were loaded on the same blot. 
To improve reliability further, a commercial standard of human hsp70 over expressed 
in E. coli (i.e. the protein against which mAb 3a3 was raised) was obtained from Sigma and 
used for calibration curves on all following blots (11.25 -180ng). This was found to produce 
very reliable curves in the same range as the *in house' standard curves described and also 
conformed to a square root x fit. Using purified hsp70 made the use of the term Stress-70/ 
Hg total protein more accurate. The calibration curve range used was selected to encompass 
signals fi-om samples with both * constitutive' and induced levels of Stress-70 , as observed 
for the heat shock temperature range. 
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During this experiment the signal from samples with Stress-70 induction fell in the 
middle region of the calibration curve. However, constitutive levels often fell in the lower 
region of the curve and, because of the higher CVs associated with this region, were 
considered less accurate. Attempts to extend the lower region of the calibration curve and 
reduce the variability, produced little improvement and it was thought to be inherent to the 
technique, most likely a limitation of the densitometer used. 
Despite this, the assay was practical, sensitive enough to detect Stress-70 induction, 
and yielded useful results such as those illustrated in this experiment. 
Timecourse 
The increase in Stress-70 after exposure to 30°C was rapid, occurring between 1 and 
8h. This time scale agrees with Sanders etal{\ 992), where increased levels of Stress-70 
were detected in mussels after l-3h exposure to heat shock temperature and Reith & 
Munholland (1991), where increased levels of a Stress-70 homologue was reported in 
Porphyra umbilicalis, seventy five minutes after being moved from 15*'C to 30°C. 
Ideally, for use as a biomarker, elevated Stress-70 levels should persist over time i f 
the stressor is still present. It has been suggested that the CSR is transient because studies 
with metabolic labelling found that translational patterns reverted to those of controls within 
hours of continual exposure to thermal stress. However, these studies only measure de novo 
protein synthesis and are thought to lack the sensitivity to detect low level synthesis of 
individual proteins (Hahn & Li 1990). The persistence of the existing stress proteins (which 
are known to be extremely stable) is not accounted for. Sanders et al (1992) reported that 
increased levels of Stress-70 persisted for up to 8 weeks with continued exposure to the 
higher temperature. The lack of any fiirther increase in Stress-70 levels between 8 and 24h 
exposure, coupled with increased variability at 24h, could indicate that the response was 
beginning to wane in E. intestinalis. However, this could not be accurately assessed without 
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fijrther time points. The persistence of increased levels of Stress-70 under pollutant stress 
was assessed fi-om pollutant studies, because the CSR timecourse is different under thermal 
and contaminant stress. The induction of the CSR by chemical contaminants is slower than 
induction by heat shock and stress proteins accumulate over a longer period of time (Sanders 
1993). 
The loss of signal for some slots due to blockage of the blotter by dust and other 
debris, reflects one of the secrets to successfiji slot blotting - cleanliness. To reduce the 
chances of this occurring in subsequent blots, blotting was carried out in a cabinet and all 
solutions were fihered through 0.22 micron filters. 
Summary 
Cross reactivity of a commercially available anti-hsp70 antibody with E. intestinalis 
was determined by Western blotting. In addition a slot blot assay was developed that 
although not as precise as ELISA or RIA (Stegeman et al 1992) was simple, practical and 
sensitive enough to detect a quantitative relationship between Stress-70 and thermal stress. 
As a typical heat shock response was measured in E. intestinalis using the 
technique, the next step onto pollution studies was taken. 
Copper, zinc and two triazine herbicides (Irgarol and atrazine) were the contaminants 
chosen for investigation during this study. Details regarding reasons for selection and 
characterisations of these substances are given in the introductions to chapters 4 and 5 
respectively. 
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Chapter 4 
TRACE METAL EXPERIMENTS 
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Introduction 
Background 
Copper, zinc and two triazine herbicides (Irgarol and atrazine) were the 
contaminants chosen for investigation during this study. These substances were chosen 
because they are examples of common contaminants of the marine environment. In 
addition, these substances (except zinc) were especially relevant to work with marine 
plants, as they are particularly phytotoxic. 
The UK government is required through various international agreements and 
commitments, to reduce the quantities of certain hazardous substances and nutrients 
entering the sea from land-based sources. At the second North Sea conference individual 
countries were asked to produce national priority lists of such substances (the UK's 'Red 
List*) which were used to compile a common list applicable to all countries. Two major 
groups of substances on the Common list and UK red list are heavy metals (here, referred 
to as trace metals) and pesticides (NRA 1994). The pollutants chosen for study - copper, 
zinc and two triazine herbicides - represent examples of common pollutants from these two 
groups. The triazine herbicides studies are discussed further in the following chapter. 
Many researchers have demonstrated the induction of stress proteins by trace metal 
exposure (including copper and zinc) in animals (Steinert & Pickwell 1988, Misra et al 
1989, Sanders e/a/ 1991b, 1994b, Cochrane e/a/ 1991, Baumane/a/ 1993, Vedel & 
Depledge 1995, Kohler et al 1996). Therefore, as well as being a common source of 
pollution in the marine environment, trace metals were a logical first choice of stressor for 
investigating the role of Stress-70 as a pollution biomarker in E. intestinalis. 
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Trace Metals 
The term trace metal is used here in favour of heavy metal, both of which refer to 
Class B and intermediate transitional metal ions (Rainbow 1993). Among ecotoxicologists 
the term trace metal is generally used to refer to metals that have been shown to cause 
environmental problems e.g. cadmium (Cd), mercury (Hg), zinc (Zn) and copper (Cu). 
Trace metal pollution is a serious problem in some estuaries, ^ords and bays. 
Human activities contributing metals to the environment include; mining and smelting 
ores, burning fossil fuels, disposing of industrial waste, and various manufacturing 
processes. Domestic effluents and urban run-off also contain significant amounts of trace 
metals. Most metals enter marine systems via rivers and land run off. 
Metals exist in marine systems in dissolved and particulate forms. Dissolved metals 
may exist as free ions or as organic and inorganic complexes. Metal speciation changes 
with environmental factors such as pH, temperature, salinity and the presence of organic 
material and other metals. The speciation of metals affects their bioavailability and 
subsequently their toxicity. Generally, free ions are the most biologically available form. 
Algae as trace metal biomonitors 
Chemical analysis of metal concentrations in seawater has a number of associated 
problems, including: (1) the dynamic nature of the marine environment leads to short-term 
fluctuations in levels and speciation (Seeliger & Cordazzo 1982, Muller et al 1993, NRA 
1994) and (2) concentrations in seawater are technically difficult to accurately quantify due 
to interference errors (Churella & Copeland 1978, HMSO 1992, Cresser 1994, Dean 
1997). In short chemical analysis is considered time consuming, costly and doesn't 
necessarily give any indication of biological impact. 
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Macroalgae and other marine organisms, accumulate most trace metals to levels at 
least several orders of magnitude higher than in the surrounding seawater i.e. 
bioaccumulate trace metals. As discussed in chapter I , this ability has been exploited and 
there is a large body of literature on the use of macroalgae as biomonitors (also known as 
biological indicators, bioindicators, bioaccumulative indicators and sentinel organisms 
(Phillips 1990)) of metal pollution, with Fucus and En/eromorpha spp. most commonly 
utilised (Say et al 1986, Phillips 1994). Use of such organisms is considered to provide a 
time integrated indication of metal concentrations in a given area and make possible, 
measurement of metals whose seawater concentrations are very low. 
However, the use of seaweeds as trace metal biomonitors requires caution. Phillips 
(1994) concluded that analysis of seaweeds provided useful information on metal 
contamination, but only if a number of variables which affect accumulation of metals are 
considered and taken into account when planning monitoring programmes. The most 
important factors that affect metal accumulation are metal-metal interactions and factors 
affecting plant growth such as salinity, nutrient availability, temperature and light intensity. 
The effects of trace metals on algae 
Many trace metals (including copper and zinc) are essential micronutrients and limit 
growth if present in too low levels, but are toxic in excess. Algae take metals up by passive 
and active mechanisms. Uptake and net accumulation of trace metals by macroalgae is 
usually attributed to passive diffusion across the cell membrane, adsorption to the cell 
surface, reversible and irreversible binding and storage in vacuoles and inter/intracellular 
fluids (Rice & Lapointe 1981). In general mercury is considered most toxic to algae, 
followed by copper, then cadmium, silver, lead and zinc (Rai et al 1981). 
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Toierance to trace metals 
As indicated above, some trace metals are essential micronutrients and limit growth 
i f present in too low levels, but are toxic in excess. As a result plants need to regulate 
cellular levels of these metals and have developed both constitutive and adaptive 
mechanisms for coping with elevated metal levels. 
Trace metal tolerance in plants can be achieved by one or more of the following 
mechanisms (adapted from Femandes & Henriques 1991): 
• Excretion of metal complexing compounds which bind metals in solution, at the cell 
wall or in the cell wall. 
• Metal exclusion through selective uptake of elements. 
• Immobilisation of trace metals in cell walls. 
• Compartmentalisation of metals in vacuoles and other intracellular inclusions. For 
example, intracellular precipitation of copper has been observed in the vacuole and 
nuclei of the freshwater green alga Scemdesnms aculiformis (Silverberg et a! 1976). 
• Developments of metal-tolerant enzymes. 
• Increased production of intracellular metal-binding compounds e.g. phytochelatins. 
Prolonged exposure to trace metals leads to genetic adaptation and there is some 
evidence of genetically controlled metal tolerance in algae (Reed & Moffat 1983). Metal 
tolerance is well known in higher plants, but less well studied in seaweeds. Races of higher 
plants that possess genetically based tolerance to high concentrations of metals have been 
recognised for many years (Antonovics e/ a/ 1971, Macnair 1981). Such tolerance is 
heritable and distinguished from phenotypic tolerance, which all members of a species may 
possess. Phenotypic tolerance can be induced, but genetically distinct races evolve only 
over generations exposed to selection pressure. 
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Copper 
Copper was chosen for in depth study for 3 main reasons: 
• Of the trace metals copper is particulariy phytotoxic when present in excess (Femandes 
&Henriques 1991). 
• Copper has been shown to induce the CSR in animals (Steinert & Pickwell 1988, 
Sanders era/ 1991b, 1994b, Cochrane e/a/ 1991, Vedel & Depledge 1995). 
• There is a large body of research on the physiological effects of copper on plants. 
• There is evidence of genetically based copper tolerance in Enteroniorpha populations. 
(Reed & Moffat 1983). Therefore study of this metal provided an opportunity to 
investigate the role of Stress-70 in acquired tolerance to a pollutant. 
Copper concentrations in coastal regions are regularly monitored by the 
Environment Agency and the current environmental quality standard (EQS - annual 
average) for coastal waters is 5ng/l. A recent survey of coastal waters found concentrations 
exceeding the EQS (up to lO^g/1) in some UK estuaries (Law et al 1994). Usually oceanic 
waters have concentrations around 0. l | ig/l and UK estuaries average 2-3^g/l. The 
maximum concentration recorded in a UK estuary is 176ng/l at the chronically metal 
contaminated Restronguet Creek, in South Cornwall (Bryan & Langstone 1992). Free Cu^ "^  
ion is often stated to be the most toxic bioavailable form, but there is evidence that some 
copper organic complexes are more toxic (Stauber & Florence 1987). 
Compared to animals, plants are very sensitive to copper toxicity. Copper is a trace 
element essential for all algae (O'Kelley 1974). It is a constituent of many enzymes and is 
essential for photosynthetic function being present in plastoquinone, the primary electron 
donor in photosystem I (Bishop 1964, Baron etal 1995). Most of the metalloenzymes 
containing copper are involved in redox reactions and as a result the main sites of copper 
accumulation within a plant are the chloroplasts (Fernandes & Henriques 1991). 
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Although an essential element for algae, i f copper is present in excess it is highly 
phytotoxic. The most commonly reported effect of copper toxicity on algae is the reduction 
of growth (Femandes & Henriques 1991). Excess copper has also been shown to reduce 
photosynthesis (Stauber & Florence 1987, Cid et al 1995) and affect pigment synthesis, 
fatty acid metabolism, protein metabolism and membrane integrity. Most detailed work 
investigating the effects o f copper on algae has involved microalgae (reviews Rai et al 
1981, Fernandes & Henriques 1991). 
Excess copper affects a range of systems, primarily because of its high affmity for 
sulphydryl groups causing the inactivation or alteration of sulphydryl containing enzymes 
(Jackson et al 1990). Copper toxicity may also be partly due to effects on the cell defence 
mechanisms against hydrogen peroxide (H2O2), which is toxic to algal growth (Stauber & 
Florence 1987). Copper inhibits the H202-dissociating enzyme catalase (Florence & 
Stauber 1986) and can catalyse the decomposition of H202to produce hydroxyl radicals 
(OH-). Figure 16 shows the Fenton reaction, which describes the reaction between iron 
(Fe^^ and H2O2, yielding the highly reactive hydroxyl radical In theory Cu^ "^  can fulfil the 
same role as Fe^ "^  and a similar reaction could occur in plant cells exposed to high levels of 
copper. 
Formation of the hydroxyl radical: 
Fe'* + H2O2 Fe^' + OH + OH" 
Traces of Fe^ "^  can react further with hydrogen peroxide: 
Fe^' + H2O2 Fe^' + O2' + 2H" 
More reactions are possible: 
OH + H2O2 HjO + H^ + Oz' 
O2' + Fe'' Fe'' + O2 
OH + Fe^' Fe^' + HO" 
Figure 16. The Fenton reaction showing formation of hydroxyl radicals (adapted 
from Halliwell & Gutterage 1989) 
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An increased level of denatured protein in cells is currently considered the trigger 
for stress protein production. This could occur as a result of exposure to excess copper 
through oxidative damage of proteins and/ or copper binding to sulphydryl groups. 
The effects of copper on macroalgae have been more extensively studied than those 
of any other metal primarily because of its use in anti-fouling paints, but information is still 
limited. The effect of copper on the growth of a number of seaweeds has been assessed and 
results indicate a range of sensitivities. However, comparisons among studies are difficult, 
as many factors that affect uptake and toxicity vary between studies e.g. the culture 
medium used (Gledhill et al 1997). Different life-history stages of seaweeds exhibit 
different responses to copper, with zoospore release and gametophyte development most 
sensitive in Laminaria saccharhm and Macrocysiis pyrifera. The critical concentration of 
copper that inhibits the development of L saccharina gametophytes and young 
sporophytes, is between 10 and SOjig/l (Chung & Brinkhuis 1986). The no-observable-
effect concentration (NOEC) fox Macrocysiis pyrifera sporophyte growth is lO^g/i 
(Anderson et al 1990) and fucoid growth is inhibited at I2ng/1 (Stromgren 1980). 
Copper tolerance has been widely reported in algae and (as indicated above) there is 
evidence of genetically based copper tolerance in Enteromorpha populations (Hall et al 
1979, Hall 1981, Reed & Moffat 1983, Bryan & Gibbs 1983). Among the macroalgae, 
members of the genera Ectocarpus^ Enteromorpha, Uha and Chaetonwrpha are 
consistently found in copper enriched environments (Correa ei al 1996). 
Zinc 
Although reported to have low toxicity, zinc was chosen as a second trace metal 
because of its relatively high abundance in marine flora (Eisler 1981) and because induction 
of stress proteins by exposure to zinc had been reported in some animals (Misra et al 1989, 
Bauman el al 1993, Kohler et al 1996). 
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Oceanic concentrations of dissolved zinc are usually less than 1 \xg/\. During a 
recent survey of UK estuaries, concentrations up to 22\ig/] were detected (Law et al 1994). 
In the heavily contaminated Restronguet Creek, concentrations as high as 20460 ^g/1 have 
been recorded (Bryan & Langstone 1992). The annual average EQS is currently set at 
40^g/l. 
Zinc is one of the most ubiquitous and mobile of trace metals. In higher plants, zinc 
is an activator of several important dehydrogenases and is involved in DNA, RNA and 
protein synthesis. In particular it plays a vital role in maintaining the integrity of ribosomes 
(Jackson et al 1990). 
Very little is known about the toxic effects of zinc on seaweeds, but it is known that 
zinc is actively taken up by them (Skipnes et al 1975). From what literature there is, zinc 
does not appear to be highly toxic to macroalgae. Anderson & Hunt (1988) report 16 day 
NOECs (no-observable-efifect-concentrations) in the region of 1-5 mg/1 for zoospore 
germination, and sporophyte production xnMacrocystis pyhfera. Stromgren (1979) 
reported that growth of flicales was significantly reduced by exposure to 1.4 mg/1 zinc. 
Hopkin & Kain (1978) found that 5mg/l Zn reduced the germination of Laminaria 
hyperborea gametophytes and sporophyte growth was inhibited by SOO^g/l Zn. Fihlo et al 
(1997) found that 21 days exposure to lOOOpg/l Zn killed U. lactuca and E. intestinalis. 
In microalgae zinc reduces growth, chlorophyll levels and photosynthesis at high 
levels (Rai et al 1981). It has been hypothesised that excess zinc may affect enzymes by 
outcompeting other divalent ions that form part of enzyme cofactors (Anderson & Hunt 
1988). Other evidence from zinc toxicity experiments indicates that uncomplexed Zn 
interferes with efficient intracellular phosphate utilisation (Bates et al 1982, Kuwabara 
1985). 
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Experimental Work 
Interpopiiiation Physiological Responses to Copper 
Aim 
The aim of this initial experiment was to determine whether E. intestinalis from 
Restronguet Creek, in the Fal Estuary, South West Cornwall (a chronically metal polluted 
site, where a selection pressure for copper tolerance has existed for centuries) was copper 
tolerant and i f such tolerance had a genetic basis. This was in preparation for investigating 
the Stress-70 responses of copper tolerant and copper sensitive E. bUestinalis populations, 
in order to assess the use of Stress-70 as a biomarker of acquired tolerance to copper. 
The experiment was also designed to compare the effect of copper exposure on 
different measurements of toxicity (growth, ion leakage and chlorophyll a content). This 
was to enable selection of the most useful, sensitive indicators of copper toxicity for 
measurement alongside changes in Stress-70 levels. 
Study Sites (Refer to the map in Appendix I) 
To determine i f E. intestinalis from Restronguet creek is copper tolerant, algae 
were collected from Restronguet, St Just and two 'clean' sample sites. The algae were then 
exposed to a range of copper concentrations in the laboratory after which growth, ion 
leakage and chlorophyll a content were measured and results compared. 
Fal Estuary. 
The Fal estuary system in South Cornwall has received inputs of trace metals from 
various mining activities over the past 200 years and as a result is the most trace metal 
contaminated site in the UK (Bryan & Gibbs 1983). Although there is no current mining in 
the area, there remains a legacy of contaminated sediments. In addition water containing 
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elevated levels of some metals still enters the estuary from the Wheal Jane tin mine; metal 
rich floodwater leaks into the tailings dam which drains into the Camon river, entering the 
estuary via Restronguet Creek. The Carnon river is the major tributary of the Fal Estuary 
and its acidic waters contain high concentrations of zinc, iron, manganese, copper, arsenic 
and cadmium. Copper is considered to have the largest impact on the area, although zinc is 
also considered to be at toxic levels (Austen & Somerfield 1997). The Camon River drains 
into Restronguet Creek where estuarine mixing occurs and concentrations o f dissolved zinc 
range from 100-2000^g/l and copper from 10-500^g/l. The freshwater entering the estuary 
from Restronguet Creek has been reported to contain S50\ig/\ soluble copper and 660pg/l 
total copper and is an acidic pH4 (Bryan & Hummerstone 1973). Concentrations at the 
estuarine end of the creek have been quoted at I l^ig/l soluble copper (Bryan & 
Hummerstone 1973, Bryan & Gibbs 1983). 
Due to the history of trace metal contamination, the estuary has been the focus of 
many studies (Bryan & Gibbs 1983, Bryan & Langston 1992, Somerfield et al 1994, 
Perryman 1996). It provides an ideal site for investigating the eff'ects of long-term 
contamination by trace metals. There are 5 main creeks in the Fal Estuary - Restronguet, 
Mylor, Pill, St Just and Percuil. Metal analysis of water, sediment and Fucus vesiculosiis 
has identified a gradient of metal pollution within the estuary, running from highest 
contamination in Restronguet (mean sediment copper concentration 2532 ^ig/g), then 
Mylor (1272 ^g/g), followed by Pill (697 ^ig/g) and St Just (332 ^g/g) to the lowest in 
Percuil (165 ng/g) (Bryan & Gibbs 1983, Somerfield et al 1994). For comparison, non-
contaminated estuaries have sediment copper concentrations in the area of 10 ^g/g (Bryan 
& Langston 1992). 
Analyses of the local organisms has shown some species contain abnormally high 
tissue levels of copper, zinc and arsenic (Bryan & Gibbs 1983). Copper concentrations in 
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Fucus vesiailostis in Restronguet Creek exceed 1000 ^g/g dry wt In comparison with 
other similar creeks in the Fal system Restronguet Creek supports only a sparse flora and 
fauna Copper tolerance in the local Fucus vesiculosus and some of the fauna has been 
reported (Bryan & Gibbs, 1983, Somerfield et al 1994, Millward & Grant 1995) 
In this experiment Enteromorpha intestinalis was collected from Restronguet (Plate 
14) (OS SW385810) and St Just (Platel5) (OS SW361848) to represent each end of the 
contamination scale within the Fal estuary Percuil was not sampled due to the existence of 
a small boat yard at the site, which could introduce organic pollutants and the observation 
of greater biodiversity at St Just suggesting a cleaner site 
For 'clean' reference sites, Wembury Bay (Plate 10) (OS SX517484) and 
Mothecombe (Plate 16) (OS SX610473) on the South Devon coast were sampled Both 
areas are subject to few impacts and considered relatively clean 
Plate 14 A n £ . intestinalis population at Restronguet Creek, Cornwall 
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Plate 15 : St Just Creek, South Cornwall at low tide 
Plate 16; Mothecombe Beach, South Devon at low tide 
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Collection & Maintenance 
Efiteromorpha intestinalis was collected from the described sample sites over one 
week (mid-July) and maintained for 24h as described (chapter 2). 
Experimental Design 
A stock solution of copper sulphate in MilliQ ultrapure water was prepared and 
added to 33ppt Instant Ocean to give 0, 30, 60, 90, 120 and 150 ^ig/l Cu solutions. No 
nutrients were included in solutions during exposure, as described in Bryan & Gibbs 
(1983), to prevent potential nutrient-copper interactions. The effect of copper on growth, 
ion leakage and chlorophyll a content was assessed, for each population, as previously 
described (chapter 2). The number of replicates set up for each parameter and incubation 
times, were as follows. 
• Growth measurements: 5 (algae from St Just & Restronguet) or 10 (algae from 
Wembury & Mothecombe), 3cm intercalary sections were incubated per concentration 
for a total of 10 days. Fewer sections were incubated for St Just and Restronguet, 
because the populations were small and fewer plants were collected at these sites. 
• Ion leakage: 2 x Ig Scunples of E. intestinalis were incubated per copper concentration 
for a total of 10 days. 
• Chlorophyll a content: 3 x 0.5g samples of E. intestinalis were incubated per copper 
concentration for a total of 7 days. 
Algae collected from Wembury and Restronguet spored in the holding tanks and in 
an attempt to investigate the genetic basis of any tolerance detected, * crude' cultures of the 
algae were grown. This was achieved by pouring some of the spore suspensions into Petri 
dishes (refer to Petri dish culture method as described in chapter 2). After 8 weeks a 
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growth experiment was set up with 3cm intercalary sections cut from the cultures. For both 
cultures, 6 sections were incubated in 0, 50, 100 and \50\ig/\ copper solutions for 10 days. 
A repeat growth experiment was set up to investigate the reliability of the 
population responses. A month after the original collection (mid-August), algae from 
Restronguet, Mothecombe and Wembury were sampled and for each population, 9 sections 
were incubated in each of the following copper concentrations - 0, 50, 100 or 150 |ig/l Cu 
for 9 days. 
Statistical analysis 
The effect of copper on growth was analysed by the non-parametric Kruskal Wallis 
test, at the 95% confidence limit, due to non-normality & non-homogeneity of variance for 
some data invalidating the use of ANOVA. The effects of copper on chlorophyll a content 
and ion leakage were analysed by ANOVA and the LSD multiple range test. Lowest-
observable-effect concentrations (LOECs) were recorded as the first test group that 
significantly differed from controls where P=0.05. 
Results & Discussion 
The toxicity data in this thesis is described in terms of LOECs and ECjoS (effective 
concentration at which the toxicity endpoint under question (e.g. growth rate) is reduced by 
half). LOECs are limited by the concentrations selected for a study, but are usefiji for 
comparing responses and populations tested with the same concentration range. ECsoS are 
useful for comparing between studies with different concentration ranges. 
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Interpoptilation responses 
Growth measurements had high coefficients of variability, which is thought to 
reflect the complex and integrated nature of this response. Despite this, clear differences in 
the responses of the four algal populations were observed. 
E. inlestinalis from Mothecombe and St Just had significantly (P<0.05) slower 
control growth rates than that from Restronguet and Wembury (Figure 17). In order to 
facilitate comparisons among sites the growth data is also presented as percentage of 
control growth (Figure 18). The reason for the differences in control growth rates between 
populations was unclear, but is thought most likely to reflect the general status of the 
various populations, varying with field conditions such as nutrient availability. 
Exposure up to 150^g/l Cu had no significant effect on the growth oTE. intestinalis 
from Restronguet (P> 0.05). However, the growth of algae from Wembury and 
Mothecombe was significantly affected by copper exposure with LOECs of 30 i^g/l and 60 
^g/1 respectively. Statistically there was no significant difference (P>0.05) between the 
growth o f copper exposed and control algae from St Just. However, it should be noted that 
for algae collected from St. Just there was a very large variation in the growth rates of 
control sections and huge variation (CV 118%) under exposure to 25|ig/l Cu. Estimated 
growth ECsoS were -20ng/l Cu for algae from Wembury and 30 ^g/1 for algae from 
Mothecombe. 
Compensating for differences in control growth rates between sites, it was 
concluded that the Restronguet Creek population was copper tolerant compared to the 
'clean' site populations. Algae from St Just appeared to exhibit an intermediate level of 
tolerance. Copper tolerance of the E. inlestinalis from Restronguet was not unexpected, as 
Fuctis vesictilosiis from the creek have been reported as copper tolerant (Bryan & Gibbs 
1983) and Enteromorpha spp. are known to develop copper tolerance (Reed & Moffat 
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Figure 18. The e f fec t of copper exposure on the growth of E . intestinaUs 
sampled from various populations. Data p resented as % of mean control growth rate 
(Mean ± S E ) • Restronguet , * S t Jus t , ^ Mothecombe, • Wembury 
for n values re fer to Fig. 17 (above) 
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1983). The growth responses of t he£ . itUestinalis populations agreed closely with those 
reported by Bryan & Gibbs (1983) for F. vesiculosiis. Restronguet F. vesiculosns were 
found to be unaffected by copper exposure up to lOOjig/l, whereas ^control* site 
F. vesiculosus was strongly affected by 25|ig/l. In a study of E. intestinaUs var. compressa 
by Reed & Moffat (1983). much higher concentrations of copper (0-9.6^iM i.e. 0-600ng/l) 
were used. Ship-fouling isolates were tolerant of exposure up to 9.6^^4 Cu, whereas non-
fouling individuals were negatively affected at 1.8pM. This illustrates that trace metal 
tolerance is a relative concept, varying with experimental parameters. Such experimental 
differences make comparisons between studies difficult. However, the Bryan & Gibbs 
(1983) results are more relevant to this experiment as a nutrient free exposure medium was 
used, whereas Reed & Moffat (1983) used a nutrient-enriched medium. 
In addition to growth, ion leakage and chlorophyll a content were also measured. 
Stauber & Florence (1987) described a sequence of copper toxicity to microalgae. Initially 
copper binds to the cell membrane affecting permeability. This is followed by transport to 
the cytoplasm where copper may affect enzyme activity, cell division, mitochondria and 
chloroplasts disrupting photosynthesis and respiration and causing pigment degradation. I f 
this sequence of events was to occur in E. intesthialis, ion leakage measurements would be 
expected to be more sensitive than loss of chlorophyll a, but the opposite was found. 
Only ion leakage of E, iniestinalis from Mothecombe was significantly increased (a 
reduced health index) by copper exposure (Figure 19), with a LOEC of 90 ^g/l and an 
estimated ECso of-130|jg/l . Why only E. iniesihialis from Mothecombe exhibited 
increased ion leakage with copper exposure was unclear. Reed & Moffat (1983) measured 
loss of intracellular ions in £. iniestinalis var. compressa with copper exposure and 
found increased loss in the sensitive isolate when exposed to over 1.8^M (--100 ^g/l) Cu. It 
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is possible, that E. intestinalis at Wembury could have had some low-level exposure to 
copper - enough to shift responses compared to algae from Mothecombe, but not to the 
level observed in the Falmouth Creek populations. As the growth responses of the two 
populations were very close this appears unlikely. Alternatively, Mothecombe E. 
uUestinalis may have been affected by other stressors, such as infection, increasing their 
sensitivity to copper. The relative insensitivity of ion leakage compared to growth suggests 
copper exerts toxicity in E. intestimhs through enzyme disruption or another pathway, 
rather than membrane damage (through binding or increased oxidative stress conditions). 
There was no significant reduction in the chlorophyll a content of E. intestinalis 
from Reslronguet or St Just, but algae from Wembury & Mothecombe were significantly 
affected (Figure 20) with LOECs of 150^g/l and 90ng/l respectively. No EC50 could be 
estimated for algae from Wembury, as the chlorophyll a content was not reduced 
sufficiently. However, for E. intestinalis from Mothecombe the estimated EC50 was -
lOO^g/l. The fall in chlorophyll a content of algae from the *clean' sites suggests that 
copper exposure is either affecting pigment synthesis or causing pigment degradation. 
However, the response was weak, particularly in the algae from Wembury, when compared 
to changes in growth. This suggests that changes in chlorophyll a levels are a secondary 
effect of copper toxicity, occurring after other systems have been affected. 
Repeat of Inter population Responses 
When collected one month later, E. intestinalis from Wembury and Mothecombe 
appeared to have slightly higher control growth rates than algae from Restronguet, but this 
was not statistically significant (Figure 21). Again there was no significant change in the 
growth of £. intestinalis from Restronguet when exposed to copper, but the growth o f 
algae from both Wembury and Mothecombe was significantly reduced (Figure 22), with 
83 
c o 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
4. VV \ \ 
\ \ 
\ % 
\ \ 
\ \ 
\ \ 
\\^^-. 
\ \ 
\ \ 
\ 
0 —r-
25 50 75 150 100 125 
Copper Concentration (Mg/I) 
Figure 21. The ef fect of copper exposure on the growth of E. intestinalis 
sampled from various populations. Data presented as Mean 1 S E 
• Restronguet n=8,9,d & 9 ^ Mothecombe n=9 for all concentrations 
• Wembury n=9 for all concentrations 
120 
1 0 0 - 4 . . 
80 
B 60 
4 0 
20 
" — —, ^ ^ ^ 
—r-
25 50 
—r-
75 100 
Copper Concentration (MQ/D 
125 150 
Figure 22. The effect of copper exposure on the growth of E. intestinaUs 
sampled from various populations. Data presented as % of mean control growth rate 
(Mean ± S E ) • Restronguet, ^ Mothecombe, • Wembury 
for n values refer to Fig. 21 (above) 
84 
both having a LOEC of 50^g/l. The estimated EC50 for both Wembury and Mothecombe 
E. mtestinalis was --30 This repeat experiment indicated that the copper tolerance of 
E. intestinalis from Restronguet compared to 'clean* site populations was reliable. The 
EC50S for the clean site populations were constant between experiments, being in the range 
of-25-30 \ig/\ Cu. This suggests that despite inherent variability, growth is a reliable and 
consistent measurement of copper toxicity. 
Cultured E. intestinalis 
The growth rates of the cultured algae were significantly higher than those of the 
field collected * parents' and the cultured algae from Restronguet had a slower control 
growth rate than that fi-om Wembury (Figure 23). Copper exposure had a much stronger 
effect on the growth of the Wembury culture than the Restronguet culture (Figure 24), with 
LOECs being 50 and 100 ^g/l respectively. The estimated EC50 for the Wembury culture 
was -25 |ig/l and for the Restronguet culture -120 jig/l. 
Compared to field collected algae, the growth rates of the cultured algae were 
greatly increased, which was thought to reflect optimised growth conditions in culture such 
as unlimited nutrients. Despite this, the EC50 for the Wembury offspring was very close to 
that of the ^parent* algae, again indicating the reliability of growth as a toxicity parameter. 
Compared to the Wembury culture, the Restronguet culture was copper tolerant, 
suggesting that copper tolerance in E. intestinalis from Restronguet has some genetic basis. 
This is in accordance with Reed & Moffat (1983) who reported that progeny raised ft^om a 
copper tolerant ship fouling isolate exhibited copper tolerance without prior exposure to 
the metal. In contrast, a recent publication (Correa et a! 1996) studying E. intesiinalis var. 
compressa from copper mining areas in Chile, found that copper tolerance observed in a 
population was not exhibited by offspring in the laboratory. It should be noted however. 
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that in the latter study, it was germling growth that was measured and germlings could be 
more sensitive than mature E, intestinalis (J. Correaper. comm.) 
Unlike the 'parent' algae from Restronguet, the progeny were significantly affected 
at lOOpg/1 Cu and a growth EC50 could be determined. This could be an indication that the 
tolerance has only a partial genetic basis. Part genetic and part environmentally induced 
cadmium tolerance has been reported in the grass Holcus lanatus (Baker et al 1986). 
Alternatively the increased sensitivity could reflect sexual reproduction introducing 
variation into the response between parents and offspring. 
Whether the intermediate response observed for the St Just population was due to 
short-term adaptation or was genetically based was not investigated. 
It should be noted that the spore type used for culturing was not defined (refer to 
chapter 2 for life-cycle details). In this experiment, progeny were raised from a mixture of 
gametes and zoospores. It was also unclear which spore type Reed & Moffat (1983) used. 
The release of'swarmers' is described, but this term has been used for both gametes and 
zoospores (Christie & Evans 1962). Although the release of mixed spores represents events 
expected in a natural E. intestinalis population, (indicating that tolerance is heritable within 
a population), a follow-up experiment was carried out using a zoospore only spore culture 
to investigate if asexually produced ofiFspring maintain the same response as the *parent' 
algae (this chapter). 
In summary, this first experiment identified the E. intestinalis from Restronguet 
Creek as a copper tolerant population of algae. It also showed the tolerance to be heritable. 
This was the first step towards investigations into the role of Stress-70 in acquired 
tolerance to copper. The comparison of toxicity endpoints revealed growth to be the 
simplest and most sensitive parameter to measure. As a result it was decided to abandon 
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measurements of ion leakage and chlorophyll a content and concentrate on measuring 
growth and another physiological parameter alongside changes in Stress-70 levels. 
After growth, photosynthesis is the most commonly measured parameter of plant 
physiology. As one of the aims of this study was to relate Stress-70 changes to 
conventional measures of toxicity, the need for a measure o f photosynthetic ability in E. 
intesthialis was recognised. Therefore, the next experiment was designed to address this 
problem by investigating the use of chlorophyll fluorescence to measure photosynthetic 
ability in E. hitestinalis. It was also designed to elucidate details of the timecourse of 
copper toxicity and recovery. 
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The timecourse of copper exposure and recovery. 
Aim 
The aim of this experiment was to investigate the timecourse of copper toxicity and 
recovery in E. intestinalis, in terms of grov^h and the chlorophyll fluorescence parameter 
Fv/Fm. The experiment was designed as a practical assessment of using a Plant Efficiency 
Analyser (PEA, Hansatech Ltd, for details refer to chapter 2), to measure changes in the 
photosynthetic ability of E. iniestinalis. 
Experimental Design 
To investigate the timecourse of copper toxicity and ^recovery*, alga! sections were 
incubated with/without 25|ig/l copper for 10 days and this was followed by 10 days 
'recovery' in no copper added, nutrient enriched media. Over the 20 day period growth and 
Fv/Fm measurements were taken and analysed. 
A stock solution of copper chloride in MilliQ, ultrapure water was prepared and 
added to 33ppt Instant Ocean (no added nutrients) to produce a 25|ig/l Cu solution. This 
copper concentration was chosen, as it was identified from the previous experiment as the 
EC50 for non-copper tolerant intestinalis 
o Growth measurements: Twelve, 2cm intercalary sections were cut from 12-week-old 
flask cultured E. intestinalis plants and incubated in 0 or 25 ^g/l copper solutions for 
10 days (without nutrients). After exposure the sections were 'recovered' for 10 days in 
no copper added Instant Ocean plus nutrients (lOmg/l Na2HP04 I2H2O. 50mg/l 
NaNOs). Section lengths were remeasured on days 5, 10, 14 and 20 and specific 
growth rates calculated at those time points. 
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o Fv/Fm measurements: Fv/Fm readings were taken for 5 of the thallus sections cut for 
growth measurements. Fv/Fm was measured as described in chapter 2, at 0, 1, 2, 4, 8, 
24, and 48h. Then on days 10, 12, 14, 16 and 20. 
Statistical Analysis 
Changes in growth rate over time were analysed by Kruskal Wallis for both control 
and exposed algae, due to non-homogeneity of variance. The growth rates of control and 
treated algae at each time point were compared using a comparison of medians test. Fv/Fm 
over time was analysed by ANOVA and the LSD multiple range test, while differences 
between treatment groups were analysed by comparison of means. 
Results & Discussion 
Comparing treatment groups the copper exposed algae had significantly slower 
growth rates (Figure 25) than the control algae at all times (P<0.05). The growth rate in the 
copper exposed group on days 5, 10, 14 and 20 was 51.4, 48.5, 55.7 and 69.5% that of the 
control group rate. This was in agreement with the previous experiment, which showed that 
excess copper was a strong inhibitor of growth in E. iniestinalis and that exposure to 
25ng/l leads to approximately a 50% reduction in growth rates. Although 25ng/l Cu was 
recorded as the 9-day growth ECso in the previous experiment, this timecourse experiment 
showed that the 50% reduction in growth occurred within 5 days of exposure. It also 
appears that the effect of excess copper on growth does not increase with the time of 
exposure. The growth rate of the copper exposed algae was 51.4 and 48.5% that of the 
control algae on days 5 and 10 of exposure. This could be an indication of some 
equilibrium being reached, between the copper and binding sites on/within the algae. 
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A further examination of the growth patterns shows a levelling of f of the control 
group growth rate after 4 days recovery, whereas the growth rate of the exposed group 
was still increasing in a linear fashion. The fact that the copper exposed E. intestinalis 
failed to fully recover (compared to the control algae) in terms of growth rate after 10 days 
of recovery has implications with regards to the effect of copper exposure on the 
competitive ability of E. intestinalis. Although growth was still increasing and may 
eventually have 'caught up' with that of the control algae, in a field situation such a 
reduction in growth could be detrimental - E. intestinalis is an opportunistic algae whose 
success relies upon on fast colonisation of newly exposed areas. However, it should be 
noted that attempts to extrapolate environmental relevance from laboratory based trace 
metal experiments, such as those discussed in this chapter, is almost impossible due to the 
number of interacting factors affecting metal bioavailability and toxicity in situ. Once 
placed in a nutrient enriched medium the control algae also showed an increased growth 
rate, thereby ^recovering' from exposure to nutrient limiting conditions. 
The copper treated algae had significantly lower Fv/Fm readings than the control 
algae from 24h exposure through to 24h after recovery, but by 48h after recovery the 
Fv/Fm readings of the two treatment groups were equal and remained so (Figure 26). 
The further decrease in Fv/Fm of copper exposed sections compared to that of the controls 
would suggest that copper is affecting photosynthesis, as has been widely reported 
(Fernandes & Henriques 1991). The timecourse of toxicity was rapid with regards to 
Fv/Fm, with a reduction compared to controls detected after just 24h. The levelling of 
Fv/Fm from 48h to Day 10 of exposure suggested, as with the growth data, that some 
equilibrium was reached. In contrast to the grov^nh data, recovery of copper-exposed algae 
Fv/Fm was complete after 48h recovery, suggesting that copper toxicity does not exert 
irreversible effects on photosystem I I . 
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For both exposed and control samples, growth was slower during the 10 day 
exposure period than during recovery (Figure 25). Fv/Fm was also lower for both treatment 
groups during the exposure time compared to recovery (Figure 26). Fv/Fm measurements, 
for the control algae fell significantly (P<0.05) compared to time Oh at 48h remaining level 
until day 10, Fv/Fm then rose within 24h of recovery to a level at 48h significantly higher 
than that at Oh. After 96h recovery Fv/Fm fell again to be significantly reduced compared to 
Oh at day 20. The copper exposed algae showed a similar pattern of response, but a 
significant fall in Fv/Fm of the copper exposed algae occurred eariier - at 24h, falling 
ftjrther until levelling off fi-om 48h to day 10 of exposure. Fv/Fm recovered within 48h to 
that of Oh, but never rose significantly above, or fell significantly below the Oh reading. 
The only difference between the exposure and recovery periods for the control 
samples was that the growth medium had no nutrients added during the exposure period. 
Therefore the reduced growth rate and Fv/Fm of the control group during exposure 
suggests that limiting the availability of nitrates and phosphates reduces the growth and 
photosynthetic ability of E. intestinalis. This is unsurprising, as seaweeds require various 
mineral ions in addition to inorganic carbon, water and light for photosynthesis and growth. 
Nitrogen is the most common limiting element, closely followed by phosphorus. 
According to manufacturers' data. Instant Ocean should contain negligible 
quantities of nitrates and phosphates, however this was not checked. Seaweeds principally 
acquire phosphorus as orthophosphate ions and other sources include inorganic 
polyphosphates and organic-phosphorus compounds. Nitrogen is a major component of 
amino acids, purines, pyrimidines, amino sugars and amines - structural ^building blocks', 
whilst phosphate is an essential component of ATP, ADP, AMP and Ppi. These sugar 
phosphates are involved in photosynthesis, respiration and other metabolic processes. 
Phosphate is also a component of RNA and DNA (Salisbury & Ross 1992). 
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Fv/Fm readings began to fall af^er just 24h in the control group, suggesting that E. 
iniestinalis rapidly * strips' nutrients from the medium. This rapid uptake is also reflected in 
the quick recovery of Fv/Fm and growth on return to a nutrient enriched medium. Although 
Fv/Fm at day 20 was significantly lower than at Oh, without further time points it was 
impossible to assess the significance of this. 
Fv/Fm has been shown by other workers to be reduced under conditions of nitrate 
and phosphate limitation. The effects of nitrogen starvation on chlorophyll fluorescence 
parameters of microalgae were investigated by Berges et al (1996). It was found that 
nitrogen starvation mainly affects PSn and was well represented by variable fluorescence 
measurements. Fv/Fm in nitrogen starved cells declined 46% for the diatom Thalassiosira 
weissflogii^ 40% for the green alga Dtmaliella tertiolecia and 24% for the cyanobacterium 
Synechococcus sp. PCC7002. This supports the fall in Fv/Fm observed during this 
experiment. Nitrogen limitation is primarily thought to affect PSII through damage of 
reaction centre proteins. Under nitrogen limitation the abundance o f reaction centre 
proteins D I and CP47 have been found to fall parallel to changes in Fv/Fm (Kolber et al 
1988, Geider etal 1993). 
Plumley et al {\ 989) also found marked decreases in some PSIl proteins in nitrogen 
limited Chlaniydomonas spp., but no corresponding changes in PSI proteins and 
hypothesised that decreases in PSII proteins would reduce electron flow and lead to more 
cyclic photophosphorylation. Despite a fall in PSII active centres, microalgae still stored 
energy, suggesting a cyclic electron flow that may function to dissipate excess excitation 
energy and prevent photoinhibition, but may also lead to ATP synthesis. I f a similar effect 
was occurring in E. intestinalis this could explain why some growth still occurred during 
the 10 days without nutrients, despite a reduction in photosynthetic ability. 
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Alternatively, some store of nitrogen and phosphate may be present in 
E, intestinalis. There are reports of algae storing nitrogen and phosphorus in different 
forms e.g. Enteromorpha spp. are known to form polyphosphates which could be used as a 
phosphate store (Kuhl 1962, Geider et al 1993). 
From this experiment it was concluded that the PEA is suitable for use with 
E. intestinalis. The PEA was quick and easy to use and the non-destructive nature of the 
method was particularly useful, enabling repeated measurements to be taken on the same 
section. Although only Fv/Fm was measured, the parameter was found to have low 
variability (compared to growth) and appeared be sufficiently sensitive to detect the effects 
of both nutrient limitation and copper toxicity. 
Growth and the photosynthetic parameter Fv/Fm were chosen as indicators of algal 
physiological health and as a copper tolerant population was identified in the previous 
experiment, investigations into the effects of copper on Stress-70 levels were begun. As 
nutrient limitation was identified as having a strong effect on the physiology of E. 
intestinalis, the two following experiments were carried out to compare the effect of 
copper on growth, Fv/Fm and Stress-70 in copper tolerant and non-tolerant algae, under 
nutrient limiting and non-limiting conditions. 
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The effect of copper on the physiology and Stress-70 levels of copper 
tolerant & sensitive E, intestinalis, under nutrient limiting conditions. 
Aim 
The main aim of this experiment was to investigate the responses of copper 
'tolerant' and 'sensitive' E. inteslwalis to copper exposure under nutrient limitation. It was 
also designed to further investigate the genetic basis of the copper tolerance detected in the 
E. intestinalis from Restronguet, by using a defined - zoospore only - culture. 
Collection & Maintenance 
Enteromorpha ifitestinalis was collected from Restronguet Creek and Wembury 
(mid-June) and maintained for 48h as described (chapter 2). 
Experimental Design 
For this experiment, the effects of copper on field collected, 'parent' algae were 
measured in terms of growth. Then algae were grown from zoospores and the effects of 
copper on the physiology and Stress-70 levels of the offspring were measured. 
First a stock solution of copper chloride in MilliQ ultrapure water was prepared and 
added to 33ppt instant Ocean (no nutrients) to give 0, 30, 60, 90 and 120g/l Cu solutions. 
Then for both field collected populations nine, 2cm intercalary sections were incubated in 
each Cu solution for a total of 9 days and grov^h measurements taken. 
Zoospore cultures were raised from both populations, by the flask culture method 
previously described (chapter 2). At 12 weeks old, a growth experiment was set up using 
2cm intercalary sections and incubated in the following copper solutions - 0, 10, 25, 50 and 
100 |ig/l - for a total of 7 days. 9 sections were incubated per treatment for algae from 
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Restronguet and 12 per treatment for algae from Wembury. Fewer sections were incubated 
for algae from Restronguet due to less cultured material being available. Again no nutrients 
were added during exposure. In addition to growth, Fv/Fm measurements of 6 sections per 
treatment were taken at Oh and after 7 days copper exposure. 
For Stress-70 analysis, Ig samples of cultured algae were incubated in 250ml of 0, 
10, 25, 50 or 100 Cu to give 3 replicates per treatment and continuously shaken for 7 
days. After 7 days exposure, the samples were *snap* frozen in liquid nitrogen and stored at 
-80°C until processing for Stress-70 analysis using slot blotting protocol as described 
(chapter 3). All Restronguet samples were run on one blot and all Wembury on another. 
Statistical Analysis 
The effect of copper on growth was analysed by the non-parametric Kruskal Wallis 
test, due to non-normality & non-homogeneity of variance for some data invalidating the 
use of ANOVA. The effect of copper on Fv/Fm was analysed by ANOVA and the LSD 
multiple range test. Stress-70 data was analysed by a nested ANOVA as described in 
chapter 3. Lowest-observable-effect concentrations (LOECs) were recorded as the first test 
group that significantly differed from controls where P=0.05. 
Results & Discussion 
Field sampled ('parent') E, intestinalis 
There was no statistically significant change in the growth of algae from 
Restronguet (P=0.167) across the range of copper concentrations tested (Figure 27). 
Growth of the algae from Wembury was significantly affected with a LOEC of 30pg/l at 
which point the rate fell to zero. The EC50 for E. intestinalis from Wembury was therefore 
put at 15|ig/l. 
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Figure 27. The effect of copper exposure on the growth of Restronguet 
and Wembury £ . intestinalis • Data presented as Mean ± S E . 
• Wembury n=9 for all concentrations • Restronguet n=9,8,9,9 & 9 
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Figure 28. The effect of copper exposure on the growth of laboratory cultured 
Restronguet & Wembury E. intestinafis • Data presented as Mean ± SE . 
• Wembury n=12,12,12,10 & 10 • Restronguet n=8.8.8,7 & 8 
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As in the previous interpopulation experiments, the copper tolerance of algae from 
Restronguet compared to that from Wembury was clear. However, the reasons for the 
shght increase in growth of algae from Restronguet at 25|ig/l and increased sensitivity of 
the algae from Wembury were unclear. Algae from the same field sites were sampled as in 
the initial interpopulation experiment, but one year later. Over time a number of 
environmental parameters could have altered to change the responses of these populations. 
Stimulation of growth in metal tolerant plants by exposure to increased metal levels 
is a well documented phenomenon (Antonovics ei al 1971). It has been recognised that 
these plants do not have a positive need for high metal levels, as they grow well in metal 
free environments. However, the increased growth in the presence of excess metals is 
thought to relate to the tolerance mechanisms at work, which inactivate metals to such an 
extent that external trace metal needs are higher than normal. In this case, the copper 
tolerance mechanism of E. hiiestmalis from Restronguet could involve sequestering and/or 
compartmentalising copper within the cell to reduce its bioavailability. I f this is so, then by 
secreting high levels of copper binding compounds or having increased production of 
intracellular copper binding compounds, the amount of copper available for normal 
metabolic requirements could be reduced when ambient levels of copper are low. 
E. intestmalis 'offspring' 
The algae from Restronguet 'parents' showed no significant reduction in growth 
(Figure 28) across the concentration range, whereas the LOEC for the cultured Wembury 
algae was 10 |ig/l and the estimated growth EC50 was -15 ^ig/l. 
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The subtle changes in the responses of the parent algae were also observed in the 
offspring i.e. the EC50 of the Wembury offspring was identical to that of the parents and 
there was a slight increase in growth at 25^g/l of Restronguet algae. This suggests a 
genetic rather than environmental cause and would tie in with the theory relating to the 
efficiency of tolerance mechanism affecting growth in Restronguet E. intestinalis under 
various ambient copper levels. The exhibition of copper tolerance by the first generation 
Restronguet progeny supports the conclusion of the interpopulation experiment that the 
tolerance is genetically based. In this experiment however, no drop in growth of the 
Restronguet progeny was observed at high copper concentrations. This is thought to be the 
result of using a zoospore only culture - zoospores are formed by meiosis and develop 
asexually into gametophytes, so that unlike sexual reproduction there is no variation 
introduced. It is recognised that only the responses of first generation offspring were 
analysed here. In order to draw firmer conclusions regarding the genetics of copper 
tolerance in E. intestimlis, further work is required. In particular more than one generation 
of offspring should be analysed. 
For algae from Restronguet and Wembury there was no significant difference in 
Fv/Fm across the range of copper concentrations, either at Oh or after 7 days exposure 
(Figures 29 & 30). However, for both populations there was a significant drop in Fv/Fm 
between Oh and day 7 for all treatment groups. The Fv/Fm results were puzzling in light of 
the data from the timecourse experiment. Although a drop in Fv/Fm was expected in 
control algae due to lack of nutrients (as seen in the timecourse experiment), a further drop 
was also expected in the copper exposed algae, but this did not occur. No satisfactory 
explanation has been found, but from the following experiment, it appears that the previous 
timecourse experiment results are the anomalous data. Copper is reported to affect 
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Figure 29. The effect of copper exposure on the F v / F m values of laboratory 
cultured Wembury E. intestinalis over 7 days. Data presented as Mean ± S E 
• Oh n=6 for all concentrations • Day 7 n=6 for all concentrations 
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Figure 30. The effect of copper exposure on the F v / F m values of laboratory 
cultured Restronguet E. intestinalis over 7 days. Data presented as Mean ± S E 
• Oh n=6 for all concentrations • Day 7 n=5,4.5.4 & 4 
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photosynthesis and it was therefore surprising that a change in Fv/Fm was not observed, 
however the exact mechanism of pholosynlhetic inhibition is currently unclear and Fv/Fm 
may simply be a poor choice of fluorescence parameter for detecting copper effects. 
Several sites of impact have been proposed for copper on photosynthesis, including the 
oxidising site of PSII, reducing side of PSIl, the reducing side of PSI and ferredoxin 
(Figure 31 ),(Mohanly el ol 1989, Baron et a! 1995). 
/Cu 
-0.6 
I.O 
photon 
coplurv 
H , 0 
Cu 
occcpiof O 
Cu 
plailequinonB 
cytochrome f ~'"*>^ 
plojfocyonin ' - . ^ 
acceplor Z 
ferfedoi in 
flovopiolein 
N A D P 
photon 
chl 
tpholoiyHemlJ 
Cu 
chl 
tphotoiyitem II) 
Figure 31. Simplified model of the light reactions of photosynthesis with possible sites of 
action of copper toxicity indicated (adapted from Rost ef ai 1984). 
Chl = chlorophyll a in the ground state, Chl* = chlorophyll a in the excited state. 
Other workers have also reported Fv/Fm to be a poor measure of copper toxicity. 
Ouzounidou (1994) measured a variety of chlorophyll fluorescence parameters in A/yssum 
nwnfantint under copper exposure and found that Fv/Fm was the least sensitive parameter, 
with the most consistent changes related to the slow phase of chlorophyll fluorescence. 
In addition a study of the effects of copper on two Durum wheat cultivars recorded a 
reduction in growth and the chlorophyll fluorescence parameter complementary area, but 
no effect on Fv/Fm (Ciscato ef al 1997). Samson & Popovic (1988) and Cvetkovic et al 
02 
(1991) also found an alternative chlorophyll fluorescence parameter - complementary area -
to be a useftjl indicator of copper toxicity in microalgae. 
With regards the Stress-70 results, both blots were good quality with calibration 
curve correlation coefficients of 0.99 & 0.98. However, copper had no significant effect on 
Stress-70 levels of algae from both Wembury & Restronguet (Figure 32 & 33). The scale 
chosen for Figures 32 & 33 is to enable comparison with results gathered from the 
following experiments (this chapter) and illustrates that Stress-70 levels remained at low 
'background/ constitutive* levels. This lack of Stress-70 induction was also unexpected, as 
induction of Stress-70 and Stress-60 by copper has been reported in animals, at similar 
exposure levels (Steinert & Pickwell 1988, Sanders a/ 1991b & 1994b, Cochrane et al 
1991, Ryan & Hightower 1994 and Vedel & Depledge 1995). There is no published 
literature on pollutant induction of Stress-70 in algae and it was initially thought that the 
lack o f response was due to sampling too late after exposure - i f the Stress-70 induction 
was transient it may have occurred and dissipated within 7 days. However, from the results 
of the following experiments indicating that elevated Stress-70 was detectable when 
nutrients are available, it was postulated that Stress-70 production was inhibited under 
nutrient limiting conditions. 
A large cost is thought to be associated with stress protein production (Krebs & 
Loeschcke 1994), with the indications being that heat shock protein accumulation may 
represent 10-15% of total soluble protein in tissue. I f nutrients are limiting then this cost 
may not be met. Organisms tend to down regulate metabolism, including protein synthesis 
when nutrients are limited, as this leads to substantial bioenergetic savings e.g. 
Tetrahymena reduces protein synthesis by 70% under starvation (Coleman et al 1995, 
Hand & Hardewig 1996). I f protein metabolism was reduced due to nutrient limitation, 
then Stress-70 production could have been affected too. 
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Figure 32. The effect of 7 day copper exposure on S t r e s s - 7 0 levels 
of laboratory cultured Wembury E. intestinalis (Mean ± SE) 
Exposure without nutrients n=3 for all concentrations 
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Figure 33. The effect of 7 day copper exposure on S t r e s s - 7 0 levels 
of laboratory cultured Restronguet E. intestinalis (Mean ± SE) 
Exposure v^ithout nutrients n=3 for all concentrations 
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Another phenomenon that could affect stress protein levels under nutrient limiting 
conditions, is the degradation of proteins for use as a nitrogen source. It has been reported 
that major nitrogen-storage pools in Gracilaha tikvahiae, G.foliifera and Macrocystis 
pyhfera are amino acids and proteins (Wheeler & North 1980, Bird et al 1982, Rosenberg 
& Ramus 1982). Very little is known about the catabolism and turnover of cellular proteins 
in seaweeds, but increased levels of proteolytic enzymes have been detected in 
phytoplankton under nitrogen deprivation. This leads to minor decreases in growth, despite 
major decreases in photosynthetic performance and a gradual, selective loss of proteins 
(Berges 1997). As discussed in the previous experiment, i f E. intes/inalis does utilise 
nutrient stores, this could explain the ability of the algae in the control group to continue 
growing despite a large drop in photosynthetic ability. 
In addition to the indication that Stress-70 cannot be used as a biomarker of copper 
exposure in E. intestinalis under nutrient limiting conditions, it also appears from the 
results of this experiment that Stress-70 has no role in copper tolerance in the algae from 
Restronguet. There was no obvious high constitutive level of Stress-70 in the algae 
compared to that sampled from Wembury, nor was there any strong induction of Stress-70 
under exposure in the algae from Restronguet. However, as nutrient limitation was 
postulated to be affecting the Stress-70 response, this cannot be stated confidently. 
In order to interpret this experiment more cleariy and draw firmer conclusions, the 
need for a comparative experiment exposing £. intestinalis to copper under nutrient replete 
conditions was recognised. Therefore the next experiment was designed to investigate the 
effect of copper exposure on growth, Fv/Fm and Stress-70 levels of the algae fi-om 
Restronguet and Wembury under nutrient replete conditions. 
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The effect of copper on the physiological responses and Stress-70 levels of 
copper tolerant & sensitive E. intestinalis, under nutrient replete 
conditions. 
Aim 
The aim of this experiment was to investigate the effect of copper on the Stress-70 
levels and physiological responses of copper 'tolerant' and 'sensitive* E. intestinalis, when 
nutrients were not limited, for comparison to the previously described experiment. 
Collection & Maintenance 
En/eromorpha intestinalis was collected from Restronguet Creek and Wembury 
(mid-August) and maintained for 48h, as described (chapter 2). 
Experimental Design 
A stock solution of copper chloride in MilliQ ultrapure water was prepared and 
added to 33ppt Instant Ocean plus nutrients (lOmg/l Na2HP04 I2H2O, 50mg/l NaNOj) to 
give 0, 25, 50, 100, 200 and 500 ng/l Cu solutions. 
• Growth measurements: For both populations, 2.5cm intercalary sections were incubated 
in each Cu solution, for a total of 5 days. 24 sections were cut for controls and 12 for 
treatments. More sections were cut for controls because in nutrient enriched solutions, 
sporulation of sections occurred and usually at a higher rate in the control group. 
• Fv/Fm measurements: Fv/Fm readings of all sections were taken at Oh, 48h and on day 
5. The Wembury growth and Fv/Fm data presented here were collected jointly with S. 
May (University of Plymouth). 
• An additional parameter - fertility was recorded as the percentage of fronds, which 
sporulated in each treatment group, by the end of the 5 days exposure. 
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• Stress-70 analysis: Ig samples of cultured algae were incubated in 250ml of each 
copper concentration to give 3 replicates per treatment and continuously shaken for 5 
days. After 5 days exposure, the samples were 'snap' frozen in liquid nitrogen and 
stored at -80°C until processing for Stress-70 analysis using the slot blotting protocol as 
described (chapter 3). All Restronguet samples were loaded on one blot and Wembury 
on another. The sample loading patterns were as illustrated in Figures 40a & b, where 
the numbers refer to |ig/l Cu. Stress-70 values for algae exposed to 25\ig/\ are missing 
because the Wembury samples were ruined during a centrifuge failure. 
Statistical Analysis 
The effect of copper on growth was analysed by the non-parametric Kruskal Wallis 
test, due to non-normality & non-homogeneity of variance for some data invalidating the 
use of ANOVA. The effect of copper on Fv/Fm was analysed by ANOVA and the LSD 
multiple range test. Stress-70 data was analysed by a nested ANOVA and t-tests as 
described in chapter 3. Lowest-observable-eflfect concentrations (LOECs) were recorded as 
the first test group that significantly differed from controls where P=0.05. 
Results & Discussion 
There was no statistically significant change in the growth of algae from 
Restronguet over the range of copper concentrations tested (Figure 34). Growth of the 
algae from Wembury was significantly affected with a LOEC of 50pg/l. The 5 day EC50 for 
E. intestinalis from Wembury was estimated to be at - 70^g/l. The growth data yet again 
shows that algae from Restronguet are copper tolerant compared to E. intestinalis from 
Wembury. Although the data is not completely comparable between experiments, due to 
differences in exposure times, the shif^ in copper toxicity when nutrients were available was 
clear. 
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Figure 34. The effect of copper exposure on growth of Wembury & Restronguet 
E. intestinalis incubated with nutrients. Data presented as Mean ± S E 
• Wembury n=16.11,12,12,12 & 12 * Restronguet n=12.6.7,4,5 & 7 
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Figure 35. The effect of copper exposure on the fertility of 
Wembury & Restronguet E. intestinalis incubated with nutrients. 
• Wembury, * Restronguet 
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For all experiments where nutrients were not added during copper exposure, the 
EC50 for growth was ~15-30^g/l, in this experiment the EC50 was over twice as high at 
70^g/I. The reduced effect of copper in a nutrient enriched medium is thought to be due to 
a combination of physiochemical interaction between nutrients and copper and optimised 
growth conditions for the algae. There is the possibility that E. intestinalis forms 
polyphosphates or another form of insoluble phosphate, which chelates some of the copper. 
Hall et a/ (1989) reported that phosphate limitation was more important than nitrate 
limitation in terms of copper toxicity to 2 chlorophyte microalgae, hypothesising that 
excess phosphate formed polyphosphate bodies, which copper was bound to and therefore 
detoxified. 
Although no statistics could be performed on the data, sporulation was recorded as 
a casual observation because the concentration-response curves for sporulation were found 
to resemble those o f growth (Figure 35). Sporulation was even across the range o f 
concentrations for Restronguet algae, with a slight rise at 100 ^g/l. For Wembury algae 
sporulation fell away rapidly with increasing copper concentration, until there was no 
sporulation at 200 and SOO^g/l. Although spomlation of thallus sections could be 
considered an experimental drawback, the phenomenon appeared to be very sensitive to 
copper exposure, with the concentration-response curve shifted further left than growth. In 
addition the failure of equivalent numbers of sections to sporulate in previous experiments 
indicates yet another effect of nutrient limitation on E. intestinalis. I f a method was 
developed to quantify spomlation it could prove to be a very sensitive endpoint of toxicity 
for Enteromorpha spp. Zoospore release has been reported as the most sensitive life-
history stage of Z.. saccharina (Chung & Brinkhuis 1986). As an opportunistic algae that 
relies upon the ability to distribute and colonise by spores, the effect of copper on 
spomlation has implications for the survival of E. intestinalis. 
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For algae from Wembury there was no significant difference in the Fv/Fm readings 
across the range of concentrations tested at Oh, but by 48h and on day 5 a LOEC o f 
500^g/l Cu was detectable (Figure 36). There was no significant difference in Fv/Fm 
between treatment groups at all times for Restronguet E. intestinalis (Figure 37). The fact 
that Fv/Fm measurements of the algae from Restronguet did not fall at 500^g/l Cu, yet 
those of the algae from Wembury did, is yet another indicator of copper tolerance in the 
Restronguet population. 
The extreme level of copper taken to impact Fv/Fm (500^g/l Cu), compared to that 
taken to reduce growth (50|ig/l Cu) suggests copper has a mode of action which does not 
affect photosynthesis directly through PSII or that Fv/Fm is a poor measure of copper 
toxicity. This supports the lack of effect of copper toxicity on Fv/Fm observed in the 
previous experiment. In contrast with the previous experiment there was no obvious fall in 
Fv/Fm readings over the 7 day incubation period. This supports the hypothesis that nutrient 
limitation was the cause of the drop in Fv/Fm from -0.7-0.8 to -0.4. 
Both Stress-70 slot blots had calibration curve correlation coefficients of 0.99. 
Compared to controls, Stress-70 levels in algae from Wembury initially rose with increasing 
copper concentration and were significantly raised (P<0.05) at 100|ig/l; beyond lOOng/1 
Stress-70 levels fell (Figure 38 & Plate 17). The fall in Stress-70 beyond lOO^g/l was a 
result of a fall in the total protein content of the algae. Total protein readings for sample 
extracts were below detection for I o f the 3 samples at 200^g/] and for all at 500fig/l. The 
nested ANOVA also revealed significant variation within each copper treatment group for 
the algae from Wembury. Although a strong induction of Stress-70 was not observed on a 
qualitative basis for the Restronguet samples, as it was for the algae from Wembury, Stress-
70 levels were statistically higher at 100 and 200^g/l Cu compared to controls at the 
P<0.05 level (Figure 39 & Plate 18). 
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Figure 36. The effect ot copper exposure on Fv/Fm over time of Wembury 
E. intestinalis. Data presented as Mean ± S E 
• Oh n=23.12,12.11.12 & 11 * 48h n=23,12,12.12.12 & 11 
• Day 5 n°l03.10,l1,12 & 11 
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Figure 37. The effect of copper exposure on F v / F m over time of Restronguet 
E. intestinalis . Data presented as Mean ± S E 
• Oh n=24,12,12,12,12 & 12 * 48h n=23.12,12,12,12 & 12 
• Day 5 n= 11,6,7,4.5 & 6 
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Figure 39 . T h e e f f e c t of 5 days copper e x p o s u r e on S t r e s s - 7 0 levels 
of Restronguet E. intestinalis (Mean ± S E ) E x p o s u r e with nutrients 
n=3 for all concent ra t ions 
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Ob 50b 100b 200b 500b 
Oc 50c 100c 200c 500c 
Figure 40a. Slot blot loading pattern for Wembury samples exposed to a range of copper 
concentrations for 5 days 
Oa 50a lOOa 200a 500a 
Ob 1 5<!lb IGGb 200b 500b 
Oc 50c iOOc 200c 500c 
Oa 50a \0O^ 200a 500a 
Ob 50b iOOb 200b 500b 
Oc 50c IGOc 200c 500c 
Figure 40b. Slot blot loading pattern for Restronguet samples exposed to a range of copper 
concentrations for 5 days 
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Plate 17: Slot blot of Wembury E. mtesfmalis samples exposed to a range of copper 
concentrations for 5 days (refer to Figure 40a (overlay) for a detailed loading pattern) 
Plate 18: Slot blot of Restronguet E. mtestimlis samples exposed to a range of copper 
concentrations for 5 days (refer to Figure 40b (overlay) for a detailed loading pattern) 
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At the cellular level there was a clear difference in the responses of the two 
populations. A lack of high constitutive levels of Stress-70 in Restronguet algae or a strong 
induction under copper exposure suggests that Stress-70 plays no role in copper tolerance. 
Stress-70 was induced by copper in the algae from Wembury, but the response was weak 
and insensitive compared to growth, with a LOEC of lOOpg/l for Stress-70 induction 
compared to 50ng/l for growth inhibition. Also the high inter-sample variability suggests 
that Stress-70 induction depends on factors other than copper exposure. Ideally more 
replicates should have been analysed to characterise the variation fully. 
These findings were in agreement with Vedel & Depledge (1995) who reported that 
Stress-70 in the common shore crab was not a sensitive indicator of copper exposure. After 
2 weeks exposure to 0, 5, 10, 50 or lOO^g/l Cu, elevated Stress-70 levels were only 
detected in crabs exposed to \00\igf\ and there was considerable inter-individual variability. 
However, the response in E. intestinalis is insensitive when compared to the finding of 
other authors such as Sanders et al (1991b), who observed elevated Stress-60 in mussels 
after 7 days exposure to 3 .2ng/l - an order of magnitude below the concentration causing 
effects on scope-for-growth. 
The drop in total protein at 200|ig/l Cu and above for the Wembury samples reflects 
a complete breakdown of protein metabolism; such inhibition of protein metabolism by 
copper has been reported by other workers (Steinert & Pickwell 1988, Femandes & 
Henriques 1991, Lage et al 1994). Steinert & Pickwell (1988) found that mussel tissues 
exposed to 150^g/l Cu prior to metabolic labelling, failed to incorporate any radiolabel and 
suggested it was the result of translational inhibition. Similar concentration -response 
curves to that observed here, have been also been reported in mussels and woodlice 
(Eckwert et al 1995, B. Bradley per. comm.). These curves consist of three phases: an 
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initial increase in stress proteins, followed by saturation of the protective system and finally 
a fall in stress protein levels (due to protein synthesis breakdov^n). 
Although statistically Stress-70 levels in the algae from Restronguet, at 100 and 
200\ig/\ Cu, were higher than controls, the increase was very slight when compared to 
Wembury algae and as such was not concluded to be the result of copper exposure. The 
lack of a strong Stress-70 induction, as observed for the algae from Wembury, suggests 
that the copper tolerance mechanism in E. intes/ma/is may prevent copper causing protein 
damage that would trigger a CSR. The results of Reed & Moffat (1983) indicate an 
intracellular mechanism such as phytochelatins or intracellular compartmentalisation is 
involved in E. hiteslinalis copper tolerance. 
A Stress-70 response was absent in the previous experiment but observed here 
under nutrient replete conditions. This supports the conclusion of the previous experiment 
that the lack of stress-70 response was due to nutrient limitation. Further, this experiment 
suggests that even under nutrient replete conditions Stress-70 in E. intestinalis is no more 
sensitive to copper exposure than the 'simpler* measurement of growth. It is possible that 
the sensitivity of the Stress-70 assay could be improved by more replication, due to the high 
inter-sample variability observed. Another approach that could improve the sensitivity of 
Stress-70 as a biomarker of pollution is a 'challenge' based test. It was hypothesised that 
measuring the ability of E, hues/inaiis samples to raise a heat shock response may 
differentiate between algae exposed to pollutants and those that were not or algae that are 
copper tolerant and those that were not. As a result the next experiment was designed to 
test this. 
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The effect of copper exposure on the ability ofE. intestinalis to raise a heat 
shock response 
Aim 
The aim of this experiment was to investigate the impact of copper exposure on the 
ability of both copper 'tolerant' and 'sensitive' E. mtesihialis to raise a heat shock response 
(HSR). Such a 'challenge' based test was hypothesised to be potentially more sensitive at 
detecting copper exposure or tolerance than a straight measure of Stress-70 levels. 
Although no significant difference in constitutive Stress-70 levels may occur between algae 
from clean and polluted sites or 'sensitive and 'tolerant' algae, by applying a challenge (in 
this case heat shock) to respond to, differences between the algae may become apparent. 
Collection & Maintenance 
E. hUestinalis was collected ft-om Wembury Bay and Restronguet Creek 
(mid-August) and maintained for 24h, as described (chapter 2). 
Experimental Design 
A stock solution of copper chloride in MilliQ was prepared and added to 33ppt 
Instant Ocean plus nutrients to produce a lOO^g/1 copper solution. 
Then, 6 x Ig replicates of algae were exposed to 250ml of 0 and 100 ^g/1 Cu 
solutions for 5 days, after which half the control and copper exposed replicates were heat 
shocked at 30°C for 2h followed by 4h recovery at 15T. After recovery all samples were 
frozen for Stress-70 analysis as described in chapter 3. All Restronguet samples were 
loaded on one blot and all Wembury on another. The sample loading patterns were as in 
Figures 43a & b. 
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Statistical Analysis 
Stress-70 data was analysed by a nested ANOVA, followed by t-tests as described 
in chapter 3. 
Results & Discussion 
Both blots had calibration curve correlation coefficients o f 0.98. For algae from 
Wembury the eflFects of copper and heat shock were significant and additive. Copper 
exposure alone significantly raised Stress-70 levels compared to unexposed algae at both 
15 and 30°C, by a factor of-1 .6 . Heat shock raised Stress-70 more than copper alone (by a 
factor of -2.5 compared to 1.6) and the two stressors combined acted in an additive 
manner to raise Stress-70 levels by a factor of 4 (Figure 41 & Plate 19). There was 
significant variation within treatment groups for the algae from Wembury. In algae from 
Restronguet Stress-70 levels were only increased significantly by heat shock, with the level 
of induction being equal in both the copper exposed and control algae (Figure 42 & Plate 
20). Levels of heat shock induction were equal in both populations i.e. a rise in Stress-70 
levels of-2 .5 times. 
As in the previous experiment, the lack of a strong Stress-70 response to copper 
exposure or high constitutive levels in the algae from Restronguet indicates no involvement 
of Stress-70 in copper tolerance. The repeated lack of response to copper again suggests a 
mechanism at work to prevent copper causing protein damage in the cells o f E. intestimlis 
from Restronguet, 
For algae from Wembury, heat shock alone was a stronger inducer o f Stress-70 
than copper. This is probably a reflection of a difference in the mode of action of the two 
stressors. For algae from Wembury copper and heat shock were additive inducers of 
Stress-70 expression, which is consistent with a study on mussels where a more marked 
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Figure 41 . The effect of heatshock and copper exposure on S t r e s s - 7 0 levels 
in Wembury E. intestinafis • Data presented as Mean ± S E . 
n=3 for all treatments 
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Figure 42 . The e f fec t of heatshock and copper exposure on S t r e s s - 7 0 levels 
in Restronguet E. intestinalis . Data presented as Mean l S E . 
n=3 for all treatments 
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Figure 43 a. Slot blot loading pattern for Wembury samples. 
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Figure 43b. Slot blot loading pattern for Restronguet samples. 
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Plate 19: Slot blot of Wembury £ . ifitestinalis samples exposed to combinations of copper 
and heat shock (refer to Figure 43 a (overlay) for the loading pattern) 
Plate 20: Slot blot of Restronguet E. intestimlis samples exposed to combinations of 
copper and heat shock (refer to Figure 43b (overlay) for the loading pattern) 
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heat shock response was observed after prior exposure to cadmium (Veldhuizen-Tsoerkan 
ei a! 1991). 
However, it is contrary to the findings of Sanders & Martin (1994), who reported 
that copper exposure impaired the ability of sea urchin embryos to mount a HSR. For both 
Restronguet and Wembury algae, the copper exposed and control groups showed the same 
relative increase in Stress-70 when heat shocked, indicating that exposure to lOO^g/1 Cu 
has no effect on the ability of E. intestinalis to raise a heat shock response. 
In conclusion the application of a heat shock 'challenge' did not appear useftil for 
differentiating between copper exposed and control algae (the Wembury control and 
exposed E, intestifialis raised equal heat shock responses) or copper tolerant and sensitive 
algae (the Restronguet and Wembury controls raised equal heal shock responses). 
The final trace metal experiment carried out was an investigation of the effect of 
zinc on the physiology and Stress-70 levels of E. intesthialis. As an alternative trace metal 
with a possible different mode of toxicity, there was the possibility the Stress-70 levels in E. 
intestinalis could prove more sensitive to zinc toxicity than copper toxicity. I f this was so 
then Stress-70 may have a role as a biomarker of specific pollutants. A variety of pollutants 
require investigation as stressors in order to fijlly evaluate Stress-70 as a potential pollution 
biomarker. 
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The effect of zinc on the physiology and Stress-TO levels of E. intestinalis 
Aim 
The aim of this experiment was to investigate the effect of zinc, as an alternative 
trace metal to copper, on the Stress-70 levels and physiological responses of E. intestinafis. 
Collection & Maintenance 
Enteromorpha intestinalis was collected fi"om Wembury Bay (mid-July) and 
maintained for 48h, as described (chapter 2). 
Experimental Design 
A stock solution of zinc chloride in MilliQ ultrapure water was prepared and added 
to 33ppt Instant Ocean (plus nutrients) to give 0, 25, 50,100,200 and 500ng/l Zn solutions. 
• Growth measurements: 2.5 cm intercalary sections were incubated in each zinc solution 
for a total of 7 days. 24 control and 12 treatment sections. 
• Fv/Fm measurements: Fv/Fm readings of all sections were taken at Oh, 48h, 96h and on 
day 7. The growth and Fv/Fm data presented here were collected jointly with S. May 
(University of Plymouth). 
• Stress-70 analysis: Ig samples of cultured algae were incubated in 250ml of each zinc 
concentration to give 3 replicates per treatment and continuously shaken for 7 days. 
After 7 days exposure, the samples were *snap' frozen in liquid nitrogen and stored at -
SO^ C until processing for Stress-70 analysis using the slot blotting protocol as described 
(chapter 3). 
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Statistical Analysis 
The effect o f zinc on growth and Fv/Fm was analysed by the non-paramelric 
Kruskal Wallis test due to non-homogeneity of variance of some data. Stress-70 data was 
analysed by a nested ANOVA, followed by t-tests as described in chapter 3. Lowest-
observable-efifect concentrations (LOECs) were recorded as the first test group that 
significantly differed from controls where P=0.05. 
Results & Discussion 
There was no significant change in Fv/Fm with zinc exposure (Figure 44) and the 
LOEC for growth was 500^g/l (Figure 45). No EC50 could be determined, as grov^h was 
not sufficiently reduced. From the Fv/Fm and growth data, the low toxicity of zinc 
compared to copper was clear, which agrees with the limited literature on zinc effects on 
macroalgae (Lobban & Harrison 1994). 
The Stress-70 blot had a calibration curve correlation coefficient of 0.99, but the 
position of the curve was found to have shifted compared to previous blots, with Au*mm 
readings lower than usual. The levels of Stress-70 in the controls were raised above the 
*usuar constitutive level. Despite this, an induction of Stress-70 levels due to 
zinc was still detected by the nested ANOVA, with Stress-70 levels significantly raised 
compared to controls at 50fig/l Zn and above (Figure 46). Zinc also induced a greater 
increase in Stress-70 than Cu. Under Cu exposure levels of Stress-70 rose by a maximum 
of 1 relative Stress-70 unit (at lOO^g/1 Cu) over control levels. Under Zn exposure Stress-
70 levels rose to 2 relative units above control levels (at 500ng/l Zn). 
The shif^ in calibration curve position was concluded to be due to the use of a 
different batch of anti-hsp70 antibody. Other workers in the laboratory had reported that 
occasionally batches of antibody had *weak* cross-reactivity (J. Ackers per. comm.). This 
again illustrates the need for a calibration curve on blots. The increase in Stress-70 in 
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controls compared to early studies was thought to be due to heat shock, because the E. 
intestinalis for this experiment was collected in high summer, after a week of high 
temperatures. 
Despite the high Stress-70 background, an induction by zinc was detectable and, of 
all the parameters tested, Stress-70 was the most sensitive indication of zinc exposure. 
Ideally an extended range of zinc needed to be tested to characterise the fli l l concentration-
response curve, but relative to growth and photosynthesis, Stress-70 could be useftil as an 
indicator of zinc exposure in laboratory toxicity tests. Again no environmental relevance 
can be inferred from laboratory based experiments due to the complex factors affecting 
metal toxicity in the field. 
The mode of action for zinc toxicity is currently unclear and little information could 
be gleaned from this limited experiment, however from the induction of Stress-70 it appears 
that damage to proteins may be occurring. 
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General Discussion 
Copper Tolerance 
E. ifUesiitialis from the chronically metal polluted Restronguet Creek were found to 
be copper tolerant and the tolerance was stable from year to year. All experiments utilising 
E. intestiualis sampled from Restronguet revealed that the growth and Fv/Fm of the algae 
was unaffected by exposure to copper concentrations up to 150^g/l under nutrient limiting 
conditions and 500^g/l Cu under nutrient replete conditions. 
The tolerance also appears to have a genetic basis as it was heritable. Offspring 
raised from mixed spores exhibited reduced tolerance, but offspring raised from zoospores 
exhibited the same degree of tolerance as the 'parent' algae. Due to the results of the 
zoospore culture, the partial tolerance observed for offspring from mixed spores was 
thought to be due to cross fertilisation introducing genetic variation. The genetics of metal 
tolerance are not well understood in higher plants and there is almost no data on algae. 
There is evidence of polygeneic inheritance of metal tolerance, but the involvement of 
major genes has also been demonstrated (MacNair 1993). The Pal estuary provides an ideal 
study site for investigations into the genetics of copper tolerance in £ intes/ma/is. An 
investigation of gene flow between E. intestinalis populations within the Falmouth Estuary 
could yield some much lacking information on the genetics of metal tolerance in this 
seaweed. In addition to a copper tolerant population at Restronguet, E. intestinalis 
exhibiting an intermediate level of copper tolerance response was identified at St Just. This 
suggests that the degree of tolerance that a population acquires relates to the selection 
pressure present. A number of higher plant studies have found a correlation between mean 
population tolerance and the degree of metal contamination, which relates to a balance 
between gene flow and selection. 
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Some of the results from these experiments (the subtle increase in growth noted 
under exposure to low levels of copper and lack of Stress-70 induction in copper tolerant 
E. huesiinalis) suggest that the tolerance mechanism in E, mtesthialis from Restronguet 
could involve a sequestering or compartmentalisation mechanism. In addition Reed & 
Moffat (1983) found that copper accumulation was the same in both tolerant and sensitive 
algae, suggesting an internal mechanism was at work rather than exclusion. One such 
mechanism could involve storing copper in specialised intracellular inclusions such as 
physodes that have been identified by X-ray microanalysis in Fucm spp. (Smith et al 1986). 
There is no published work investigating localisation of copper within Enteromorpha spp., 
but Zoiotukhina & Gavrilenko (1992) investigated copper localisation in Ulva lacUtca and 
found the majority of copper bound to intracellular proteins. 
Another mechanism at work could be the production o f intracellular metal binding 
compounds e.g. metallothioneins and phytochelatins. These are considered to be one of the 
most important trace metal defence mechanisms in plants (Fernandes & Henriques 1991). 
Phytochelatins (originally discovered in higher plants) have been identified in algae (Gekeler 
eial 1988, Tomsett & Thurman 1988, Rauser 1990, StefFens 1990); these are cysteine rich, 
trace metal-binding polypeptides whose synthesis is induced by exposure to trace metals. A 
related process occurs in animals - the induction of the trace metal-binding protein 
metallothionein (MT). Unlike animal MT however, phytochelatins are not direct gene 
products but formed from the glutathione pathway. Phytochelatins appear to be the 
primary metal-binding polypeptides of plants, and the en2yme catalysing their biosynthesis 
is constitutively expressed in plants. Phyiochelatins are involved in trace metal homeostasis, 
but the extent to which phytochelatin production is involved in the tolerance of metal-
tolerant plants is under debate. Steffens (1990) concluded that overproduction of 
phytochelatins in plants chronically exposed to trace metals seems an unlikely mechanism 
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for metal tolerance, owing to the energy required for sulphate reduction to support 
phytochelatin synthesis. Recently metal-binding proteins with some structural homology to 
animal MTs have been detected in some higher plants and an MT gene has been identified 
in Fucus vesic7ilostis (Macnair 1993, Morris et al 1997). Physodes contain a large amount 
of sulphur in addition to copper and it has been hypothesised that metallothionein may be 
involved in the intracellular cbmpartmentalisation of copper in Fucus vesiculosus (Morris et 
al 1997). Rijstenbil e/^7/(1993) investigated the relationship between copper levels and the 
cytosolic metal-binding thiols glutathione (GSH) and phytochelatins in E. prolifera. No 
correlation was found between copper, GSH and PCs, but until the function o f algal metal-
binding thiols in the detoxification of copper can be fully understood, more work is 
required. 
Rather than focussing on individual mechanisms of tolerance, it should be 
considered that the copper tolerance o f E. intestinaiis at Restronguet might be the result o f 
more than one mechanism. Trace metal tolerance is a complex phenomenon in plants, 
involving both constitutive and adaptive mechanisms. Most studies o f trace metal tolerance 
have focussed on a single mechanisms, but it is now recognised that more integrated work 
at the cellular level is required rather than individual biochemical studies, to further 
illuminate this area of study (Meharg 1994). 
From this study Stress-70 is considered to have no role in acquired tolerance to 
copper in E. intesihialis from Restronguet. The algae do not exhibit high constitutive levels 
of Stress-70 or enhanced production of Stress-70 under exposure to copper. It was 
therefore concluded that Stress-70 has no place as a biomarker of acquired copper 
tolerance in E. huesdnalis. 
The ability of Enteromorpha spp. to develop tolerance to copper and possibly 
other pollutants, has implications for environmental monitoring and should be considered 
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when using this organism in field and laboratory studies. Although the phenomenon could 
be considered a potential drawback, it has been suggested that it could be exploited as a 
measure of pollution. I f tolerance is developing, a selection pressure must be present and it 
is suggested that by regular assessment of population responses, shifts in sensitivity could 
be detected and used to indicate contamination (Phillips & Rainbow 1993, Hopkin 1993). 
Endpoints of copper toxicity 
By measuring and comparing a number of parameters of E. intesiinalis physiology 
and biochemistry, clues to the mode of action of copper toxicity were gained. In addition it 
was possible to compare the sensitivity of Stress-70, as a biomarker of copper exposure, 
with that of more conventional toxicity endpoints. 
Growth was consistently the most sensitive endpoint of copper toxicity, in 
comparison ion leakage, chlorophyll a (Chi a) content, Fv/Fm and Stress-70 levels were 
insensitive to copper exposure. ECsoS based on growth were consistent between studies. 
Table 4 shows the various LOECs and ECsoS recorded for E. intestinalis field collected 
from Wembury, over all the copper experiments run. 
Table 4. The LOECs & (ECsos) of various toxicity endpoints recorded for E. intestina/is 
collected fi-om Wembury under exposure to copper 
LOECs & (EC50 
expressed as i 
s) 
2u 
Population Growth Ion Leakage Chi a 
content 
Fv/Fm Stress-70 
Wembury 30 (-20) 
50 (-30) 
30 (-15) 
50 (-70)* 
>150 (>I50) 150 (>150) 
500 (>500)* 100 (na)* 
* exposure under nutrient replete conditions 
(na) not applicable 
Comparing between studies is always difficult due to experimental difiFerences, 
however the concentrations of copper that are reported to affect the growth of other 
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macroalgae are similar to those reported here for E. hUestinalis growth. Stromgren (1980) 
found that P. catialiciilata and F. spiralis growth was inhibited at 12^ig/l Cu, F. serratus 
25^g/l and F. vesiculosiis SO^g/l. Reed & Moffat (1983) reported that the growth of non-
copper tolerant E. compressa was reduced by exposure to LS^M Cu (-lOOpg/l), but it 
should be noted that lower copper concentrations were not investigated. 
As explained in the introduction to this chapter, copper has been reported to affect 
a range of systems in plants including growth, photosynthesis, pigment synthesis, fatty acid 
metabolism, protein metabolism and membrane integrity (Fernandes & Henriques 1991, 
Stauber & Florence 1987). The primary cause of copper toxicity is considered to be its high 
affmity for sulphydryl groups causing the inactivation or alteration of sulphydryl containing 
enzymes (Jackson et al 1990). This is supported by the observation that growth was 
significantly affected before specific effects such as a fall in chlorophyll a content and 
photosynthesis were detected. 
It has also been hypothesised that copper toxicity may be partly due to effects on 
the cell defence mechanisms against oxidative stress. However, the insensitivity of ion 
leakage to copper toxicity indicates that membrane damage is not an effect of copper 
toxicity in E. intestinalis. This suggests that increased oxidative stress under copper 
exposure is not a primary cause of copper toxicity in this alga. It also suggests that direct 
binding of copper to cell membranes, i f occurring, is not damaging. 
The timecourse experiment initially suggested that copper exposure was damaging 
to photosynthesis. However, the results of this experiment were not supported by those 
that followed. There was no effect on the Fv/Fm of cultured algae exposed to copper under 
nutrient limiting conditions. In addition Fv/Fm was only affected by exposure to the highest 
copper concentration of 500^g/l under nutrient replete conditions. Although the Hansatech 
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PEA was found to be suitable for use with E. intestitiaUs, Fv/Fm was concluded to be a 
poor choice of parameter for measuring copper toxicity. 
The apparent insensitivity of photosynthesis to copper exposure was unexpected, as 
inhibition of photosynthesis is a commonly reported effect of copper toxicity. However, the 
mode of action of copper toxicity on photosynthesis is currently under debate. It is possible 
that Fv/Fm, which is only a measure of PSII efficiency, is a poor choice of parameter for 
measuring the effects of copper toxicity on photosynthesis. Copper has been found to affect 
other chlorophyll fluorescence parameters, including complementary area (Samson & 
Popovic 1988, Cvetkovic et al 1991). The interaction of copper with PSII is considered 
controversial (Baron et al 1995). Other workers have indicated that Fv/Fm is unaffected by 
copper exposure (Ouzounidou 1994, Ciscato ei al 1997). 
Newman (1998) found that both Fv/Fm and oxygen evolution in the red seaweed 
Gracilariopsis longissima were unaffected by exposure up to lOO i^g/1 Cu for Fv/Fm and at 
450[ig/l Cu for oxygen evolution. These results suggest that the initial site o f copper 
toxicity is not any part of the pathways involved in oxygen evolution. Despite the apparent 
lack of effect on the photosynthesis of G. longissima, exposure to just 12^g/l Cu 
significantly reduced the growth of the alga. This is in accordance with the results seen 
during this study. E. intestinalis growth was significantly reduced by exposure to levels of 
copper at which Fv/Fm was unaffected. Under copper exposure growth may become 
uncoupled fi-om photosynthesis. On the whole there have been few comparative studies of 
copper toxicity on macroalgae, but those studies on microalgae have consistently reported 
growth to be more sensitive than photosynthesis (Fisher etal \ 9S\, Lumsden & Florence 
1983, Stauber & Florence 1987, Cid et al 1995, Abalde et al 1995). 
Stauber & Florence (1987) found that copper inhibited ceil division ofNizschia 
closterium but had no effect on photosynthesis, respiration, ATP production or membrane 
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integrity. It was also observed that copper exposure led to a reduction in thiol groups in the 
cells and so it was hypothesised that a primary mode of action of copper toxicity could be a 
reaction between copper and glutathione in the cytosol. The reaction described in the 
equation below would lead to a reduction in the ratio of reduced glutathione : oxidised 
glutathione, which is thought to suppress mitosis. 
4GSH + 2Cu'' • 2CU-SG + GSSG + 4H ' 
It is possible that such an effect was occurring in E. intestinaiis, but thallus sections 
were not analysed microscopically for signs of enlarged cells indicative of the inability to 
divide despite storage of photosynthesis products. Alternatively copper may have affected 
the enzymes systems involved in the dark reactions of photosynthesis preventing formation 
of the raw materials required for growth. A third possibility is that the products of 
photosynthesis were diverted to defence mechanisms. Newman (1998) investigated the 
possibility that G. longissima may be releasing dissolved organic matter (DOM) to complex 
the copper in solution. DOM has been reported as important for algae in controlling fi-ee 
copper concentrations, possibly preventing toxic effects (Gledhill et al 1997, Pistocchi et al 
1997). However, this hypothesis was not found to be supported. Another possible sink for 
energy could include increased production of metal complexing compounds such as 
phytochelatins and metallothioneins. 
The timecourse experiment revealed that the effects of copper toxicity were rapid. 
It also showed that recovery of growth was possible af\er transfer of algae to copper free 
media. This suggests that the effects of copper are not irreversible at exposure to 25^g/l 
Cu. 
The observation that sporulation appears to be sensitive to copper exposure was 
interesting, though not investigated further. Reproductive endpoints are often quoted as 
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highly sensitive in macroalgae and are ecologically highly relevant (Thursby 1993). The 
effect of pollutants on reproductive stages of seaweeds has serious implications for their 
survival. On the whole toxicity tests using reproductive endpoints with green seaweeds are 
poorly developed, as it has proven more difficult to determine a definite reproductive 
endpoint - gametes and zoospores play comparable roles. One published method (Fletcher 
1989) quantifies the effects of toxicants on the germination of Enteromorpha spp. 
zoospores. Further methods for measuring reproductive parameters may prove to be highly 
sensitive indicators of pollution exposure. 
Although not as insensitive as Fv/Fm to copper exposure, Stress-70 levels proved 
to be a poor indicator of copper exposure when compared to growth. Production of Stress-
70 was impaired under nutrient limiting conditions, but even when nutrients were available 
the response was inadequate. Stress-70 levels were not significantly raised until 100|ig/l Cu 
compared to 50ng/I for a reduction in growth. In addition the response had a high degree 
of inherent variation and at high copper concentrations was itself impaired by apparent 
damage to the protein synthesis mechanism. Furthermore, when the complexity o f 
measuring Stress-70 is compared to the simple and cheap method for measuring growth, it 
must be concluded that growth is the more useful biomarker of copper exposure. 
The finding that Stress-70 is a poor biomarker of copper exposure is in accordance 
with the findings of Vedel & Depledge (1995). However, other authors have shown stress 
protein production in the blue mussel Mytilus edulis and rotifer Brachiomis plicatilis to be 
more sensitive to copper exposure (Table 5). 
It should be noted though that it is not feasible to directly compare the findings of 
these authors with the results presented here. There are many potential differences in 
experimental protocols and these studies all involved animals which may have fundamental 
differences to E. iniesiinalis in metal handling and cellular responses to metal exposure. 
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Table 5. Concentrations of copper reported to induce stress proteins in animals. 
Organism Minimum copper 
concentration found to 
increase stress protein 
levels (Aig/I) 
Stress protein 
measured 
Reference 
Mytilus edulis 3.2 
1 
50 
Stress-60 
Stress-70 
Various 
Sanders a/ (1991b) 
(1994) 
Steinert&Pickwell(l988) 
Brachionus 
plicatilis 
25 58kD Cochrane e/a/ (1991) 
Carcinus 
maenus 
100 Stress-70 Vedel&Depledge(1995) 
In addition Steinert & Pickwell (1988) analysed the CSR by autoradiography, rather 
than immunoblotting of Stress-70. Also Cochrane et al {\99\) and Sanders et al {\99\ b) 
analysed levels of Stress-60, rather than Stress-70. Stress-60 could be more sensitive to 
copper toxicity than Stress-70 as it found primarily in mitochondria and chloroplasts. These 
organelles are the site of redox reactions, involving many metalloenzymes which copper 
may bind to and disrupt. 
The fact that there was induction of Stress-70 under copper exposure suggests that 
copper toxicity involves protein denaturation. The insensitivity of ion leakage to copper 
indicates that increased oxidative stress is unlikely to be causing protein damage. Therefore 
the interaction of copper with the sulphydryl groups of intracellular proteins, disrupting 
their conformation, appears to be the most likely trigger of Stress-70 production. 
A challenge based test proved no better at distinguishing between copper exposed 
and unexposed algae on the basis of Stress-70 levels. Both groups of E. inlestinalis raised 
the same heat shock response. It was concluded that at 25|ig/l copper exposure does not 
affect the ability of E. intestinaiis to raise a heat shock response in both copper tolerant and 
sensitive algae. 
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In summary the relative sensitivities of growth, ion leakage, chlorophyll a content 
Fv/Fm and Stress-70 are consistent with the premise that copper exerts its effects primarily 
through binding to sulphydryl groups and disrupting enzymes. There is little indication of 
increased oxidative stress under copper exposure, but this was not investigated in depth. 
Also Stress-70 levels are concluded not to be a useful biomarker of copper exposure. Not 
only is the Stress-70 response insensitive compared to growth, but when it is considered 
that growth requires less expertise and resources to measure, growth should be considered 
a better biomarker of copper exposure in the laboratory. 
Nutrient effects 
An unexpected, but important finding of these experiments was the impact that 
nutrient limitation had on the toxicity endpoints of growth, Stress-70 & Fv/Fm. As 
discussed nitrates and phosphates are essential nutrients for algae and it is therefore not 
surprising that nutrient depletion affects these parameters. However, what was unexpected 
was the level of impact that nutrient depletion had on E. intestinalis biochemistry and 
physiology, compared to the effects of copper and zinc. 
High concentrations of copper and zinc had no effect on Fv/Fm but lack of nitrates 
and phosphates did. The fall in Fv/Fm observed under nutrient limiting conditions was 
concluded to be primarily due to lack of nitrogen, which has been shown by other workers 
to affect PSII in microalgae. Nitrogen limitation in marine phytoplankton has been shown 
to affect photosynthesis through loss of chlorophyll a and effects on photosynthetic 
proteins (Kolber et al 1988, Plumley et al 1989, Geider et al 1993, Berges et al 1996) In 
particular levels of PSII reaction centre proteins, such as D l , have been found to fall under 
nitrogen limitation. This suggests nutrient limitation damages the PSII reaction centre. 
Berges et al (1996) and Plumley et a/ (1989) found that although PSIl was strongly 
affected in microalgae, there was no apparent effect of nitrogen starvation on PSI. It has 
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been theorised that the strong, selective effect on PSII was related to the rapid turnover of 
D l and D2 proteins of PSII, compared to stable PSI reaction centre proteins. Although 
nitrogen starvation may not change protein turnover rates, those proteins with fastest 
turnover will be most strongly affected by declines in protein synthesis. Protein synthesis 
rates and overall cell protein contents have been reported to fall in microalgae under 
conditions of nutrient limitation (Coleman et al 1988, Geider et al 1993). 
There have been fewer studies into the effects of phosphate limitation on 
photosynthesis, but on the whole, lack of nitrogen appears to have a greater impact than 
lack o f phosphate. Geider ei a/ (1993) investigated the effects o f both nitrate and phosphate 
limitation on Phaeodactylum troconmtuni and found that the efficiency of PSII 
photochemistry, as measured by Fv/Fm, fell markedly under nitrate starvation to 30% of 
maximum Fv/Fm. By comparison under phosphate starvation Fv/Fm was only reduced to 
60% of maximum Fv/Fm. 
It is important to note that despite nutrient depletion leading to a fall in Fv/Fm, 
some grovrth of E. intestinalis still occurred. This could be due to cyclic electron flow 
leading to some ATP production (Plumley et al 1989) and/or the mobilisation of nitrate and 
phosphate stores. As discussed above, under nitrogen limitation levels of photosynthetic 
proteins have been found to fall in microalgae. It appears that although the total protein 
content of microalgae falls under nutrient limitation, there is a preferential loss of 
photosynthetic proteins. Coleman et al (1988) found a decrease in the levels of 53 
polypeptides in nitrogen-deficient Euglena, but of these 53, 37 were chloroplast proteins. 
This preferential degradation of chloroplast proteins in nitrogen-limited cells may provide 
amino acids necessary for coping with starvation stress or for essential structural proteins 
to enable continued cell division. 
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Stress-70 production was also significantly affected by nutrient depletion. Under 
nutrient replete conditions Stress-70 was induced by exposure to copper, but this did not 
occur under nutrient limiting conditions. A number of reasons could explain this effect. 
Stress protein production is costly (Krebs & Loeschcke 1994) and under nutrient depletion 
there may not have been sufficient raw materials to mount a response. In addition, as 
discussed above, protein synthesis rates and overall cell protein contents have been found 
to fall in microalgae under nutrient limiting conditions. I f this was occurring in E. 
mtes/ina/is then stress protein production could be affected. 
Another effect of omission of nutrients from the exposure media was an increase in 
the sensitivity of £. intestinalis to copper. When nutrients were included during exposure 
to copper, the concentrations required to affect E. intestinalis had to be increased from a 
range of 0-100 ^g/l to 0-500^g/l. This was thought to be due to physiochemical 
interactions between the copper and nutrients, a better 'health' status of the algae, the 
ability of algae to form polyphosphates that chelate metals or a combination of these 
factors. Stauber & Florence (1989) investigated the effect of culture medium on trace metal 
toxicity to Chlorella pyrenoidosa and Nitzschia closterium. It was found that with 
increasing levels of nutrients, the ICsoS for cell division rose. For example for C 
pyrenoidosa the IC50 for copper rose from 16|ig/l in synthetic soft water to >200|ig/l in a 
high nutrient MBL medium. It was concluded that the major factor affecting toxicity was 
physiochemical interactions between components of the medium, such as phosphate, and 
the metals. It is well established that the extent of trace metal toxicity is governed by free 
metal activity rather than total metal concentrations (Gledhill et al 1997). Complexing 
agents including phosphate and other nutrients will interact with metals to decrease 
toxicity. 
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The effect of nutrients on toxicity endpoints stresses the importance of 
standardising the experimental protocols used to determine ECsoS and other toxicological 
data for substances in laboratory tests. Differences in media used for different experiments 
makes it almost impossible to compare accurately between studies. It also highlights 
potential problems with using Fv/Fm or Stress-70 levels as indicators of pollutant exposure 
of E. intestinaiis in the field. Changes in Fv/Fm appear to be more likely to be aflFected by 
fluctuations in nutrient availability and other environmental stressors, rather than pollution. 
A lack of increased Stress-70 levels may be a result of nutrient limitation rather than lack of 
pollution. Finally, these results indicate the current lack of knowledge with regards the 
catabolism and turnover of proteins in Enteromorpha spp. and other macroalgae. 
Zinc 
Compared to copper, zinc was found to be a much less toxic trace metal. Under 
nutrient replete conditions, growth of £. intestinaiis was only reduced significantly by 
exposure to 500|ig/l Zn, compared to 50^g/l Cu. Fv/Fm was unafi'ected by 500|ig/l Zn, 
whereas 500^g/l Cu significantly reduced Fv/Fm. This was expected from the 
concentrations of zinc previously reported to affect seaweeds. For example Stromgren 
(1979) reported that 1.4mg/l Zn was required to affect flicoid growth and Hopkin & Kain 
(1978) found it took 500mg/l Zn to significantly reduce L hyperborea sporophyte growth. 
In contrast to the results of the copper experiments, Stress-70 was found to be 
more sensitive than growth and Fv/Fm to zinc exposure. Stress-70 levels were significantly 
raised by exposure to just 50fig/l Zn and above. Stress protein induction by zinc was 
expected as this has been reported in animals. However, the degree of sensitivity expected 
was not clear fi-om the published literature. Misra et al (1989) reported stress protein 
induction in fish cells exposed to l50 | iM (-20mg/l), Bauman et a/ (1993) found increases 
in Stress-70 in rat hepatocytes exposed to lOOO^iM ZnCb (135mg/l) and Kohler et al 
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(1996) found Stress-70 levels rose in the slug Deroceras retiailatum exposed to food and 
leaf litter soaked in 5000mg/l Zn. This limited amount of information shows how much 
more work there is to be done regarding the effect of zinc on the CSR. It does appear that 
the mode of zinc toxicity includes protein denaturation. Kbhler et al (1996) pointed out 
that the induction of Stress-70 under exposure to trace metals must not necessarily be 
interpreted as a direct (primary) effect of toxic metals on protein synthesis, but is more 
likely to be due to disruption of protein homeostasis as a result of various metal effects. 
The mode of action of zinc toxicity has been far less well researched than that of 
copper. Bates et a/ (1982) suggested that Zn interferes with intracellular phosphate 
utilisation. It was hypothesised that Zn accumulates in intracellular polyphosphate bodies 
until a threshold level is reached at which point phosphate metabolism ceases. With regards 
effects on proteins, zinc may compete with other divalent ions which form part of enzyme 
cofactors, disrupting enzyme fijnction. Zinc is also reported to bind SH sites, though with 
less affinity than copper (Rijstenbil el al 1994). 
No environmental significance was drawn fi-om these experiments data due to the 
controlled nature of laboratory tests compared to the field situation. Metal toxicity is 
dependent upon many parameters including the presence of other metals, salinity and pH. 
For this reason the field application of Stress-70 was also assessed and this experiment is 
described in chapter 6. 
Trace metals represent only one group of pollutants. Therefore to further evaluate 
the potential of Stress-70 as a pollution biomarker the effects of triazine herbicides on E. 
intestinalis were investigated. As organic pollutants, the triazine herbicides have a well 
defined, but different mode of action to that of trace metals and are specifically designed to 
be phytotoxic. The next chapter describes the series of experiments investigating two of 
these herbicides - Irgarol 1051 and atrazine. 
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Chapter 5 
TRIAZINE H E R B I C I D E E X P E R I M E N T S 
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Introduction 
Background 
Compared to trace metals, the effects of synthetic organic compounds (including 
pesticides) on macroalgae have received little attention despite being considered one of the 
greatest pollution threats in the marine environment (Forbes & Forbes 1994). Pesticide 
pollution of marine systems generally occurs as a result of agricultural activity close to 
estuaries. Pesticides can enter the aquatic environment via atmospheric transport, spray 
drift, groundwater leaching, soil runoff and (more recently) from antifouling products. 
The group of pesticides that present most threat to aquatic plants are herbicides and 
recent surveys have shown significant concentrations of these chemicals can be found in 
freshwater and estuarine environments (Readman et al 1993a). The most commonly 
encountered herbicides are triazines, therefore triazine herbicides (specifically atrazine and 
Irgarol 1051) were chosen to further evaluate the potential of Stress-70 as a pollution 
biomarker. 
Triazine herbicides 
Triazines are a diverse class of herbicides, which are used in large quantities in the 
UK and across the worid. Over 64 million acres of cropland in the USA was treated with 
triazines in 1996 and three of the most widely used herbicides in the USA are the triazines 
atrazine, cyanazine and simazine (Kamrin 1997). Triazines are widely distributed in aquatic 
environments, including groundwater, rivers, lakes and estuaries (Ahel et al 1992). Two 
triazines (atrazine and simazine) are currently on the UK contaminant 'Red List'. 
Triazines have been observed from mg/l concentrations in surface and groundwater 
near treated sites to ng/l concentrations in seawater and groundwater far away from 
agricultural areas. Until recently no triazines were used directly in the marine environment 
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and contamination of this environment occurred solely via diffuse sources. However, this 
changed in 1989 when the triazine herbicide Irgarol 1051 was introduced as an additive to 
anti-fouling paints for use on marine vessels and submerged structures. 
Triazines are all based on a heterocyclic N structure (Figure 47). Although the site 
and mode of action are the same for all triazines, differences in activity are caused by the 
various lipophilic side chains. 
I 
-N N M — 
H H 
triazines 
Figure 47. Basic triazine structure (From Cobb 1992) 
The mode of action of triazine herbicides is well defined. Triazines are targeted at 
photosynthesis, specifically blocking photosystem II (PSII) (Figure 48). Photosynthesis 
begins with the absorption of light energy by the chlorophylls of photosystems I and I I . 
The energy is then focussed to reaction centres; P680 in PSII and P700 in PSI. These 
specialised chlorophyll molecules undergo charge separation resulting in P680+ and 
Pheaophytin- (Pheao-) in PSII. The electron hole of P680+ is filled by an electron 
ultimately derived fi-om water. From Pheao- the electron is transported to the first stable 
quinone electron acceptor QAand then QB - Electrons pass from Q B in pairs to the 
plastoquinone pool. Triazine herbicides act by blocking electron transport at this point, by 
binding to the Qe binding site on the PSII protein D - l , effectively replacing Q B (Dodge 
1989, Salisbury & Ross 1992). 
As discussed in chapter 2, the basic processes of photosynthesis are taken to be 
essentially the same in higher plants and green algae (Lobban & Harrison 1994). It is 
therefore assumed that triazine herbicides will affect green algae such as E. intesthialis in 
the same manner as observed in higher plants. 
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Figure 48. A simplified diagram of photosynthesis with the site of action of triazine 
herbicides indicated (adapted from Dodge 1989) 
When electron transport is affected by triazine herbicides, generation of adenosine 
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH) is blocked 
and there is no incorporation of carbon dioxide. In the long term the plant 'starves*, but 
symptoms are generally more rapid than this would explain. Part of the mode of action is 
thought to be cellular disruption caused by generation of oxygen radicals and/or loss of 
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ATP required for cellular integrity (Macdonald et al 1993). Absorption of light by 
chlorophyll usually creates 'excited' singlet chlorophyll, activating electron flow. When 
electron transport is inhibited the singlet chlorophyll energy is released along alternative 
routes. Firstly the energy release may occur as an increase in fluorescence and secondly by 
the creation of a longer lived, lower energy chlorophyll (triplet chlorophyll). Triplet 
chlorophyll can interact in a damaging way with membranes and can 'excite' oxygen to 
create highly damaging singlet oxygen which will interact with lipids, proteins, nucleic acids 
and other cellular molecules causing disorganisation and finally cell death (Dodge 1988). 
Triazine resistance is widely reported in higher plants and microalgae (Hirschberg & 
Mcintosh 1983, Galloway & Mets 1984, Bettiny ei al 1987, Erickson et al 1989, Mazur & 
Falco 1989, Sundby eta! 1993, Sivan & Arad 1995). Triazine resistance was first 
discovered in 1969 in Senecio vulgaris. Since then over 53 species of plants worldwide 
with triazine resistance have been identified (Holt & Le Baron 1990). Some plants 
including maize and sorghum are tolerant to triazines because they can metabolise them 
(Kreuz et al 1996). However, the most common form of resistance that has developed over 
the last 20 years in many weedy species is based upon a different mechanism - a mutation in 
the chloroplast gene that codes for the amino acid serine at position 264 in the protein D I . 
In non-mutants D I binds both Qsand triazines, in mutants D I no longer binds the 
herbicide, but Q B is still bound so that electron transport can continue (Salisbury & Ross 
1992). 
There have been no publications regarding the induction of stress proteins by 
triazine herbicides. However, generation of oxygen radicals, as a secondary effect of 
triazines blocking photosynthetic electron flow, could lead to protein damage and therefore 
induction of the cellular stress response. 
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Irgarol 1051 
Of all the triazine herbicides, Irgarol 1051 was selected for investigation, as it is a 
triazine with particular relevance to the marine environment due to its application as an 
antifouling product. Anti-fouling paints inhibit and/or prevent the growth o f plants and 
animals on submerged structures e.g. ship hulls and rigs and are developed for use in both 
fresh and salt water. Fouling has important economic impacts, with fouling of ships leading 
to increased water resistance and therefore raised fuel costs. Static structures and harbours 
face enhanced corrosion and in some cases structural stability can be altered as a result of 
fouling. There are also high costs associated with cleaning such structures. 
During the 1980s tributyltin (TBT), the most popular anti-fouling compound at the 
time, was found to be having a major environmental impact. TBT was implicated in the 
imposex phenomenon observed in some gastropods (Bryan ei al 1986) and abnormal 
development in bivalves. As a result the use of TBT was restricted by law and 
environmental quality standards (EQS) were set for monitoring purposes. Copper based 
paints replaced TBT and although copper is effective against animal colonisers, it has 
proven to be relatively ineflFicient against algae. Many common fouling algae have 
developed resistance to copper, as discussed in chapter 4. 
In response to the need for an efficient algicide, in 1989 a triazine herbicide, Irgarol 
1051 (Figure 49), developed by Ciba Geigy was marketed as an antifouling agent. Irgarol 
1051 (2-methylthio-4-/er/-butylamino-6-cyclopropylamino-l, 3,5-triazine) is a highly 
effective algicide and is currently added to over 80 products, with all but 2 paints freely 
available to the general public (HMSO 1993). As Irgarol 1051 has little effect on animal 
populations, it is of^en used in combination with organotin or copper compounds. Half of 
the Swiss antifouling paints contain the combination of Irgarol 1051 and copper (Toth et al 
1996) 
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Figure 49. Irgarol 1051 (From Ciba Geigy 1995) 
Over the last 5 years there has been increasing concern about Irgarol 1051, due to 
reports of high concentrations in European coastal waters (Readman et al 1993b, Gough et 
al 1994, Tolosa et al 1996, Zhou et al 1996, and Scarlett et al 1997), coupled with a lack 
of information about the toxicity or environmental behaviour of the compound (Pearce 
1995). Irgarol 1051 has a low solubility (7mg/l at 20°C pH7 in fresh water) and relatively 
high partition coefficient compared to other triazines. Irgarol is not readily degraded and 
has a low rate of photolysis making it a relatively persistent compound with a half-life of 
273 days in artificial seawater (irradiated with a Xenon lamp to simulate sunlight). Under 
aerobic conditions the half-life is -200 days in seawater sediment (Ciba Geigy 1995). 
A study of Cote d* Azure marinas found water concentrations up to a maximum of 
1.7 |ig/l with average of 650ng/l (Readman et al 1993b, Tolosa et al 1996). In UK waters 
significant concentrations were detected in areas of high boating activity such as Port 
Solent Marina, Portsmouth (500 ng/l), with most marina concentrations averaging 50-
lOOng/l (Gough et al 1994). A recent survey of the Humber Estuary reported a seasonal 
pattern in Irgarol concentrations, reflecting paint application times (Zhou et al 1996). 
Interestingly Irgarol 1051 is associated with small pleasure craft, whereas high TBT 
concentrations are more associated with larger boats and ferries (Tolosa et al 1996), this 
reflects the TBT ban on boats under 25m in length. 
As triazine herbicides are known to affect photosynthesis at low concentrations, it is 
feared that Irgarol 1051 may affect algal communities changing the ecology of coastal areas 
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(Pearce 1995, Tolosa et a! 1996). Dahl & Blanck (1996) found significant changes in 
periphyton communities at exposure to InM (~0.25(ig/l), a concentration detected in 
coastal waters. No-observed -effect concentrations (NOECs) for algal growth inhibition 
have been reported in the range of <0.28-2.6nM (0.07-0.65|ig/l) with ECso values of 1.8-
l9nM (0.45-4.75Mg/l) (Ciba Geigy 1995, Dahl & Blanck 1996). 
Only limited information has been published regarding the effect of Irgarol 1051 on 
macroalgae. The manufacturers' published 8-week minimum inhibition concentration 
(MIC) for E. mtestinalis growth is lO^ig/l and minimum killing concentration (MKC), 0.5 
mg/1 at 4h (Ciba-Geigy 1995). Scarlett et al (\997) reported a 72h ECso for the inhibition 
of photosynthetic efficiency in adult E. mtestinalis as 2.5^g/l and a significant reduction in 
germling growth at lOOng/l. 
Atrazine 
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-l,3,5-triazine) (Figure 50) was 
the second triazine chosen for investigation because it is one of the most commonly used 
herbicides in the world (Bester & Huhnerfijss 1993) and as indicated in the chapter 
introduction, is currently on the UK *red list' of marine contaminants. Although atrazine 
was limited to agricultural use in 1993, the herbicide still enters marine systems from 
diffuse inputs, primarily surface run-off" from agricultural land (NRA 1994). 
ci 
Atrazine 
H.cr^ C3H, 
Figure 50. Atrazine (From Cobb 1992). 
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Atrazine has a slightly higher solubility than Irgarol 1051 (30mg/l at 20T, pH7 in 
freshwater). However, like Irgarol 1051, atrazine is resistant to degradation and is 
relatively persistent in the aqueous environment (Riedel-de Haen 1994). 
Atrazine is regularly detected in the marine environment, but as it is not applied 
directly to marine systems it is generally present at much lower concentrations than Irgarol 
1051. In the North Sea, German Bight area, concentrations ranging from 1 GO-1100 ng/1 
were detected (Bester & Hiihnerfuss 1993). A monitoring survey over 1990-1992 of UK 
waters detected atrazine and simazine in all 3 years, with a maximum concentration of 
67ng/l atrazine at Tyne Bridge and mean atrazine concentrations of 13.4 ng/1 (Law al 
1994). Atrazine concentrations monitored in the Humber Estuary during 1995 (Zhou et al 
1996) averaged 5-50ng/I and showed seasonal variations with a peak in June, reflecting the 
farming calendar and weather. Environmental quality standards have been set for atrazine in 
the marine environment at 2iig/I (annual average), with a maximum allowable concentration 
(MAC) of lO^g/1. 
Atrazine is an intensively studied organic toxicant with respect to freshwater algae, 
but much less so to marine species. 1 ^g/1 inhibits growth of the filamentous freshwater 
green alga Siigeodoniuw tenue af^er 1 week exposure (Hoagland et a! 1996). 
Compared to Irgarol, atrazine appears much less toxic to marine algae, however the body 
of literature in this area is somewhat limited. Among marine algae a 96h EC50 for growth of 
the marine microalga Dumliella lertiolecta was reported at 132^g/l (Gaggi et al 1995). 
Dahl & Blank (1996) indicated that atrazine was around 70 times less toxic than Irgarol 
1051 to periphyton communities (Short term EC50 at 350nM i.e. -76|ig/l) and initial 
ecotoxicological effects of atrazine are reported to appear at/above 90 nM (-20|ig/l). Only 
one reference was found concerning the effect of atrazine on marine macroalgae reporting 
O.Olmg/1 atrazine as lethal to Lam 'maria sporophytes (Hopkin & Kain 1978). 
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Experimental Work 
The effect of Irgarol 1051 on the growth and photosynthesis of two E, 
intestinaiis populations. 
Aim 
The aim of this preliminary study was to determine whether E. intestinaiis from 
Sutton Harbour, Plymouth, Devon (an enclosed marina with relatively high concentrations 
of the triazine Irgarol 1051) was resistant to Irgarol 1051. This was in preparation for 
investigating the potential of Stress-70 in E. intestinaiis as a biomarker of exposure to 
triazine herbicides. I f triazine resistance was identified, then the use of Stress-70 as a 
biomarker of acquired tolerance to triazine herbicides could have been investigated. 
Triazine resistance has been widely reported in higher plants and microalgae 
(Hirschberg & Mcintosh 1983, Galloway & Mets 1984, Bettiny et al 1987, Erickson et al 
1989, Mazur & Falco 1989, Sundby et al 1993, Sivan & Arad 1995), but there is no 
information on this phenomenon in macroalgae. The common fouling seaweed 
Enteromorpha spp. is a highly adaptive alga, with a short generation time and is known to 
have developed resistance to copper used in antifouling paints. It was therefore possible 
that Enteromorpha spp. could have developed triazine resistance as a result of exposure to 
Irgarol 1051. 
This experiment was also designed to assess the sensitivity of the physiological 
toxicity endpoints - growth and photosynthetic ability (as measured by Fv/Fm) - to Irgarol 
1051 exposure, for comparison to changes in Stress-70 levels. 
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Study sites (refer to the map in appendix I) 
To determine if E. intestinalis from Sutton Harbour is resistant to Irgarol 1051, 
algae were collected from Sutton Harbour (OS SX 486543) and a 'clean' sample site 
(Wembury Bay (OS SX 517484)). The algae were then exposed to a range of Irgarol 
concentrations in the laboratory and changes in growth and Fv/Fm were measured and 
results compared 
As described in chapter 3, Wembury Bay is part of a designated Voluntary Marine 
Conservation Area and considered relatively clean, being subjected to low levels of boat 
activity and few inputs of contamination. In contrast Sutton Harbour (Plates 21 and 22) is 
an enclosed marina frequented by both fishing and recreational vessels, accommodating 
-300 vessels. As an enclosed harbour, with lock gates closed for -12 hours per day, Sutton 
Harbour has water retention times of -72h Recent water analysis of Sutton Harbour and 
Wembury Bay for Irgarol 1051 found concentrations were below the detection limit (lng/1) 
at Wembury, yet reached 127ng/l in Sutton Harbour (Scarlett et al 1997) 
Plate 21: Close up of Sutton Harbour Sample Site, showing 
E. intestinal is var compressa 
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Plate 22: Sutton Harbour Sample Site 
Collection <fi maintenance 
Enteromorpha mtestwalis was collected from the described sample sites (early 
June) and maintained for 72h as described (chapter 2) 
Experimental Design 
Stock Irgarol solutions were prepared by dissolving Irgarol in pure ethanol, then 
100^1 of each stock solution was pipetted into the vortex of 11 Instant Ocean plus nutrients 
(lOmg/1 Na2HP04 I2H2O, 50mg/l NaNO?) and stirred for a minimum of 2h, to produce 
solutions of 0.25, 2 5, 25, 250 & 2500 ^g Irgarol/l (c 0 001, 0 01, 0 1, 1 and 10 ^ M ) 
Control and carrier control (100^1 ethanol/1) solutions were also prepared Ethanol-Irgarol 
stocks were kept in the dark at -20°C to reduce degradation The effect of Irgarol 1051 on 
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growth and Fv/Fm was assessed for each population, as previously described (chapter 2). 
The number of replicates set up for each parameter and incubation times were as follows. 
• Growth measurements: 2.5cm thallus sections were incubated in the test solutions for a 
total of 7 days. For algae fi-om Wembury, 24 control sections were cut, along with 12 
replicates per Irgarol concentration. More sections were cut for controls, because a 
higher rate of sporulation occurred in these groups. Fewer sections were cut for Sutton 
algae compared to Wembury, because less sample was collected at this site. 
• Fv/Fm readings; These were taken prior to exposure (Oh) then at 18h, 36h, 96h and on 
day 7. The Wembury growth and Fv/Fm data presented here were collected jointly with 
S. May, University of Plymouth. 
Three, Ig (fresh weight) samples of Wembury algae were incubated in 250ml of 
each test solution for 18h with continual shaking, after which they were 'snap* fi-ozen in 
liquid nitrogen. Initially destined for Stress-70 analysis, these samples were used for tissue 
analysis of Irgarol 1051 concentrations by GC-MS. Analysis performed by A. Scariett and 
data reproduced here with kind permission. 
Statistical Analysis 
Due to non-homogeneity of variances (uncorrectable by log transformation), 
growth and Fv/Fm data were analysed using the non-parametric Kruskal Wallis test at the 
95% confidence level. Lowest-observable-effect concentrations (LOECs) were recorded as 
the first test group that significantly differed (P<0.05) from carrier controls. Using the 
Biosoft Fig.P. software, nonlinear curve fitting was performed on growth and Fv/Fm 
concentration-response curves. The resultant curves were then used to calculate ECsoS (the 
concentration required to reduce carrier control mean values by 50%). 
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Results & Discussion 
The algae collected at Sutton Harbour were branched and microscopic analysis 
identified the population as E. intestinalis var. compressa. It was also noted that in 
comparison to £. intestinalis from Wembury, the algae at Sutton Harbour were more 
fragile and of smaller size. 
Fv/Fm 
For both populations there was no significant difference between the Fv/Fm 
readings of control and carrier control sections at all times, therefore all Irgarol treatment 
groups were compared to the carrier controls. The lack of ethanol toxicity at lOOpl/l to E. 
intestinalis is in accordance with the results of studies into the effects of alcohols on E. 
intestinalis (Schild et al 1993 and 1995). 
As was expected of a herbicide targeting photosynthesis, Irgarol 1051 had a strong 
and rapid effect on Fv/Fm. There was no significant difference between any of the 
treatment groups at Oh (P>0.05), but by 18h a significant effect was evident (Figures 51 & 
52). The rapidness with which Irgarol affected Fv/Fm was in agreement with Scariett et al 
(1997) who reported a fall in E. intestinalis Fv/Fm within 30 minutes of Irgarol exposure. 
For both populations sigmoidal concentration-response curves were observed, with 
the LOECs for algae from Wembury and Sutton at 25 pg/1 and 2.5 ^g/l respectively. At 
36h the LOEC for the algae from Wembury had shifted to 2.5^g/l Irgarol but for the algae 
from Sutton the LOEC remained unchanged. For both populations an equilibrium appeared 
to have been reached at 96h, with no significant difference (P>0.05) between response 
curves at 96h and Day 7. ECsos calculated from concentration-curves at each time are listed 
in Table 6 (Figures 53 and 54 illustrate curve fitting for the 96h data). The EC50S also 
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Figure 51. The e f fec t of Irgarol exposure on F v / F m of Wembury 
E. intestinaiis over 7 days . Data presented as Mean ± S E 
• Oh n=1l ,12,12,12,12 & 12 a i 8 h n=12.12,12,11,12 & 12 
T 36h n=12,12. l2.11.12 & 12 • 96h n=9,7,9,l2.11 & 12 
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Figure 52. The effect of Irgarol exposure on F v / F m of Sutton 
E. intestinatis over 7 days. Data presented as Mean ± S E 
• Oh n=9,9,9,9.7 & 9 * 18h n=9,9.9,9,8 & 9 
w 36h n=8.9,9,8,8 & 9 • 96h n=7,9,8,9,8 & 9 
* 7 days n=8,8,8,9,8 & 9 
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Figure 53 . C u r v e fitted for the e f f e c t of Irgarol exposure on F v / F m of Wembury 
E . /nfesf/na//s at 96h . Data p r e s e n t e d as Mean ± S E . n=7,9,12.11 & 12 
* EC50 (50% of car r ie r control mean) 
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Figure 5 4 . Curve fitted for the e f f e c t of Irgarol exposure on F v / F m of Sutton 
E . intestinalis at 96h. Data presented as Mean ± S E . n=9,8,9.8 & 9 
* EC50 (50% of car r ie r control mean) 
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indicate that population responses reach an equilibrium at 96h, settling at - 1 ljig/1 for algae 
from Wembury and at 2.8 for algae from Sutton. 
Table 6. E C 5 0 values for Fv/Fm data 
ECso (ue/i) 
Time Wembury Sutton 
18h 17.3 6.7 
36h 14.5 3.4 
96h 10.5 2.8 
Day 7 12 2.8 
The decrease in Fv/Fm observed under Irgarol exposure indicates a decrease in the 
efficiency of photosynthesis, specifically the photon yield of PSII. Such a decrease would 
be expected i f electron transport was blocked as is the mode of action of triazine 
herbicides. 
The 96h LOECs (2.5^g) and EC50S (10.5 and 2.8^g/l) observed for Fv/Fm were 
higher than reported environmental contamination concentrations (maximum published 
value of 1.7^g/l (Readman et al 1993b, Tolosa et al 1996). which would suggest that E. 
intestinaiis populations are unlikely to be effected by Irgarol in the field. However, this 
experimental system exposes algae to a single stressor under optimised growth conditions 
in the laboratory. In a field situation additional stresses such as limited nutrients or the 
presence of other pollutants may enhance effects of Irgarol 1051. 
Studies investigating the effects of Irgarol 1051 are limited as this is a relatively 
new product, but the observed 96h LOEC of 2.5 ^ig/1 is close to values that have been 
published by workers investigating this herbicide. Short-term photosynthesis studies with 
periphyton communities yielded a LOEC of - 0.8-2.5 jig/I (Dahl & Blanck 1996). The 
calculated EC50 for Sutton Harbour £ . intestinaiis agrees vAth that of Scarlett et al (1997) 
who quoted a 72h Fv/Fm ECjoof 2.5 |ig/l for E. intestinaiis sampled from Sutton Harbour. 
This agreement between experiments suggests that Fv/Fm is a consistent, reliable indicator 
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of Irgarol exposure. Scarlett et a/ (1998) also reported a 10 day ECso for Zostera marina 
(seagrass) Fv/Fm of 2.5^g/l. 
A comparison of population responses revealed that although E. intestinalis from 
Sutton and Wembury did not significantly differ at Oh, by day 7 Fv/Fm readings for algae 
from Sutton were significantly lower (P<0.05) than algae from Wembury for all treatments, 
including carrier controls. Figure 55 illustrates the shift in concentration-response curve 
position between populations on Day 7. The 96h and Day 7 ECjoS (Table 6) indicate that 
the Sutton population is ~4 times more sensitive to Irgarol than the E. intestinalis from 
Wembury. This data indicates that there is no resistance to triazine exhibited by the *pre-
exposed' E. intestinalis from Sutton. In fact the data shows that algae from Sutton have 
increased sensitivity to Irgarol. It seems unlikely that this is due to prior exposure to Irgarol 
leading to a 'cumulative' dose effect, because of the equilibrium effect observed in the 
laboratory. In addition lowered Fv/Fm values were observed in carrier controls as well as 
Irgarol treatments. The increased sensitivity of the E. intestinalis from Sutton could have 
been due to prior exposure to other, multiple pollutants in Sutton Harbour. Compared to 
algae from Wembury the Sutton population was of relatively small size and more fi-agile 
when handled. A surface film of boat oil was noted during collection of algae from Sutton 
Harbour (personal observation) and increased levels of organic pollutants such as 
polycyclic aromatic hydrocarbons have been reported in Sutton Harbour compared to 
Wembury Bay (Schild 1996). 
Growth 
As for the Fv/Fm data, there was no significant difference between control and 
carrier control groups, therefore all treatment groups were compared to carrier controls. 
This again indicates that at 100^1/1 ethanol is not toxic to E. intestinalis. 
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Figure 55. The ef fect of 7 days Irgarol exposure on F v / F m 
of Wembury & Sutton E. intestinafis . Data presented as Mean ± S E 
• Wembury n=7,5,7,10,12 & 12 * Sutton n=8,8.8,9,8 & 9 
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Figure 56. The effect of 7 days Irgarol exposure on the growth 
of Wembury & Sutton E, intestinalis. Data presented as Mean l S E . 
• Wembury n=7^,7,10,12 & 12 * Sutton n=8,8,8,8,9 & 9 
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Growth data were more variable than Fv/Fm (Day 7 carrier control coefficients of 
variation were >40% for growth data compared to <5% for Fv/Fm data), but significant 
Irgarol effects could still be detected. The reduction in Fv/Fm observed under Irgarol 
exposure indicates that photosynthesis is being inhibited and therefore a reduction in 
growth would be expected after prolonged exposure to Irgarol 1051. 
The growth LOECs were 25 and 2.5^g/l respectively for Wembury and Sutton 
populations, which are higher than those reported by other workers. No-observed -effect 
concentrations (NOECs) for algal growth inhibition have been reported in the range o f 
0.07-0.65^g/l. However, the calculated ECsoS of 4.1 and 1.3 ng/l respectively for algae 
from Wembury and Sutton (r^=0.998 and 0.996 for the curves fitted to Wembury and 
Sutton data) were in the range of published EC50 values of 0,45-4.75pg/l (Ciba Geigy 
1995, Dahl & Blanck 1996). The growth LOEC data supports the Fv/Fm data, indicating 
that E. intestinalis is unlikely to be affected by concentrations o f Irgaro! 1051 detected in 
the environment at present. However, the EC50 for growth of the algae from Sutton 
(1.3ng/l) is below the concentration which has been detected in the field (1.7|ig/l). 
With regards growth, there was no significant difference (P<0.05) between the two 
populations except at 25ng/l where the growth of algae from Sutton was more reduced 
(Figure 56). As was indicated by the Fv/Fm data, the growth data indicates that algae from 
Sutton are not resistant to Irgarol. Despite the clear shift in Fv/Fm concentration-response 
curves between populations, growth data differences were less significant between 
populations. This appears to be due to the inherent variability of growth reflecting the 
complex, integrated nature of this response. 
A comparison of growth and Fv/Fm endpoints indicates that growth is a much more 
variable response. This variability reduces the sensitivity of growth to Irgarol exposure, as 
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indicated by a higher 7 day LOEC (25 \ig/\) for algae from Wembury than revealed by 
Fv/Fm measurements. Although calculated ECsoS were lower for growth than Fv/Fm, the 
variability of growth data reduces the reliability of these values. These initial results suggest 
that Fv/Fm is the most useful indicator of triazine exposure. 
Bioconcentration - algae from Wembury only (results courtesy of A. Scarlett). 
Irgarol was detected in all samples of algae including those incubated in control and 
carrier control solutions. Minimum concentrations were detected in control samples, with 
no significant difference to carrier controls, rising to a maximum in the top exposure group 
(Table 7). Bioconcentration factors (tissue concentration (ng/kg dry weight) divided by 
aqueous Irgarol concentration (ng/1)) were calculated and a maximum was found at the 
lowest exposure of 0.25 ^ig/l, with bioconcentration conforming to a power relationship 
(Table 8) 
Table 7. Irgarol 1051 extracted from E. iutestinalis af^er 18h exposure (ng/g dry wt, 
recovery adjusted) 
Aqueous Irgarol Concentration ^g/1 
Control Carrier 0.25 2.5 25 250 2500 
36 85 143 480 1596 3738 17311 
Table 8. Concentration of Irgarol 1051 within E. miestinalis following I8h exposure, 
expressed as bioconcentration factors. 
Aqueous Irgarol 
Concentration (ng/l) 
0.25 2.5 25 250 2500 
Bioconcentration Factor 321 163 60 14 7 
The fact that bioconcentration is very high at low concentrations, explains why 
appreciable tissue contents were recorded in control samples of algae from a clean site, 
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where aqueous concentrations of Irgarol are reported to be below detection limits. The lack 
of linearity for bioconcentration of Irgarol suggests that there is a saturation level that is 
eventually reached for this algae. The fact that a saturation limit had not been reached by 
18h was unexpected, as E. intestinaUs is a non vascular alga with a thin thallus (2 cells 
thick), across which Irgarol should rapidly be taken up. The lack of saturation by 18h is 
supported by the observation that Fv/Fm data did not reach a steady state until some time 
between 36 and 96h. The failure to reach a steady state could be due to inhibition of an 
active uptake mechanism at high concentrations, possibly due to toxic feedback. However, 
this is unlikely because uptake studies with other triazines suggest the process is purely 
physical (Dodge 1989). 
Although the bioaccumulation of trace metals by seaweeds has been widely studied, 
there have been few investigations into bioaccumulation of organic compounds (Amico et 
al 1979, Maroli et al 1993). Accumulation of Irgarol 1051 has only been studied in 
freshwater algae and macrophytes from Lake Geneva (Toth et al 1996) and the seagrass 
Zostera marina (Scarlett et al 1998) from UK estuaries. There is no published data on 
bioaccumulation of Irgarol 1051 in marine macroalgae. Toth et al (1996) reported tissue 
concentrations of 4-5 ng/g dry weight at reference sites (aqueous concentrations below 
detection) rising to 50-100 ng/g in an area with 2.5-145 ng/1 aqueous concentrations. 
Scarlett et al (1998) found Z marina mean tissue concentrations in the range of 2-71 ng/g 
when water concentrations were 1-lOng/l. Scarlett et a/ (1998) recorded Z. marina leaf 
tissue concentrations of up to 25,000 times the aqueous values. This is similar to the results 
of Toth et a/ (1996) who calculated BCF values up to 30000x. 
As in this study, Scarlett et a/ (1998) also investigated bioaccumulation of Irgarol 
1051 by Z. marina under laboratory exposure conditions. As for E, intestinalis, the 
bioaccumulation of Irgarol 1051 by Z. marina (Scarlett ei al 1998) was reportedly rapid, 
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with tissue concentrations rising to levels 300 times (223ng/g dry weight) the water 
concentration within 2 days of exposure to 2.5|ig/l. 
This ability of E. intestinalis to bioconcentrate Irgarol 1051 at low aqueous 
concentrations raises the possibility of developing the alga as an Irgarol biomonitor. Also, 
as marine plants bioaccumulate Irgarol 1051 (and possibly other triazines), more useful 
information for risk assessment may be derived from studies relating effects to tissue 
content rather than aqueous concentrations. A plot of Fv/Fm against tissue content of 
Irgarol at 18h exposure (Figure 57) revealed a sigmoidal relationship and an EC50 
corresponding to a tissue content of I333ng/g dry weight. It should be noted however, that 
Fv/Fm did not fall to 0 and if the EC50 is calculated as halfway between maximum and 
minimum readings, it falls to -950 ng/g dry weight. 
In summary, this first experiment revealed that the £. bUestinalis from Sutton 
Harbour has no triazine resistance. The results also indicate that growth and Fv/Fm are 
useful physiological measures of exposure to Irgarol. However, growth has the drawback 
of higher variability which appears to reduce the sensitivity of the measurement. 
As the aim of this study was to investigate the role of Stress-70 as a biomarker of 
pollution exposure, the next experiment was designed to compare the responses of growth 
and Fv/Fm to Irgarol 1051 with those of Stress-70. In addition, to further define the 
sensitivity of these toxicity endpoints a lower concentration range of Irgarol was used. 
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Figure 57. Curve fitted to the relationship between tissue content of Irgarol 
and Fv/Fm for Wembury E. intestinalis after 18h exposure. 
Data presented as Mean ± SE 
^ ECso (50% of carrier control mean) n=3 for all datasets 
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The effect of Irgarol 1051 on the physiology andStress-TO levels of two E, 
intestinalis populations. 
Aim 
The aim of this experiment was to investigate the use of Stress-70 as a biomarker of 
E. intestinalis exposure to the triazine herbicide Irgarol 1051. This was investigated by 
measuring both the physiological responses and changes in Stress-70 levels of the 
previously studied E. intestinalis populations under Irgarol exposure. The experiment was 
also designed to increase the resolution o f endpoint sensitivities by using a lower range of 
Irgarol concentrations, than the previous experiment. 
Experimental design 
This study was set up as per the previous experiment, but with the following 
changes: 
1. The algae were collected in mid June. 
2. The range of Irgarol solutions prepared was 0.1, 0.5, 2.5, 12.5 and 62.5 \igf\. 
3. Exposure was restricted to 96h with Fv/Fm measurements taken at Oh, 48h and 96h 
4. For both populations, triplicate I g samples of algae were incubated in 250ml of each 
test solution for 96h with continual shaking under the given conditions and 'snap' 
frozen in liquid nitrogen. Wembury samples were analysed for Stress-70 and analysed 
by nested ANOVA as described in chapter 3. 
5. For both populations 24 sections were cut for controls and 12 for Irgarol treatments 
The Wembury growth and Fv/Fm data presented here were collected jointly with S. 
May, University of Plymouth. 
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Results Discussion 
Fv/Fm 
As in the previous experiment, for both populations there was no significant 
difference between the Fv/Fm readings of control and carrier control sections at all times, 
therefore all Irgarol treatment groups were compared to the carrier controls. 
Again as described previously, Irgarol exposure had a rapid, strong effect on 
Fv/Fm. There was no significant difference between any of the treatment groups at Oh 
(P>0.05) but by 48h and for 96h the LOECs for algae from Wembury and Sutton were 
established at 2.5 |ig/l (Figures 58 & 59). As in the previous experiment a sigmoid curve 
was observed for algae from Sutton. However, as a result of using a lower concentration 
range of Irgarol, for E. intestinalis from Wembury, the lower plateau was missing. 
Calculated 96h ECsoS were 8.6 and 1.7 |ig/l respectively for algae from Wembury and 
Sutton (r^ = 0.988 and 0.994 for the curves fitted to Wembury and Sutton data). 
Despite using a lower range of Irgarol concentrations, the 96h LOECs were 
identical to the prior experiment at 2.5 |ig/l. However, 96h ECsoS were slightly reduced at 
8.6 and 1.7^g/l compared to 10.5 and 2.8^g/I for algae from Wembury and Sutton 
respectively but the increased sensitivity of algae from Sutton was still clearly observed. 
The slightly reduced EC50 for the algae from Sutton Harbour of 1.7^g/l is equal to the 
concentration of Irgarol detected in a Mediterranean marina (Readman etal 1993b), which 
indicates that E. intestinalis subjected to other stressors, could be affected by 
environmentally relevant concentrations of Irgarol. 
Comparing the responses of the two populations at 96h (Figure 60), Fv/Fm 
readings for algae from Sutton were significantly lower (P<0.05) than algae from Wembury 
for all treatments, including carrier controls. The 96h ECjoS indicate that algae from Sutton 
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Figure 58 . The ef fect of Irgarol exposure on F v / F m of Wembury 
E. mtestinalis over 96h. Data presented as Mean ± S E 
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Figure 59 . The e f fec t of Irgarol exposure on F v / F m of Sutton 
E. intestinalis over 96h. Data presented as Mean ± S E 
• Oh n = 1 2 . n . l 1 , 1 0 , 1 2 A 11 A 4 8 h n=11,11.9,12.10 & 12 
• n=8.7,5,11.10 & 12 
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Figure 60 . The effect of 96h Irgarol exposure on F v / F m of Wembury 
& Sutton E. intestinalis. Data presented as Mean ± S E 
• Wembury n=4.5.6.10.11 & 12 * Sutton n=8.7,5,11.10 & 12 
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Figure 61. The effect of 96h Irgarol exposure on the growth of Wembury 
& Sutton E . intGStinalis . Data presented as Mean ± S E 
• Wembury n=7,8.7.6,6 & 12 * Sutton n=8,7.5.10,9 & 12 
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are -5 times more sensitive to Irgarol than the Wembury algae. This is in close agreement 
with the previous experiment. 
Overall these resuhs support the first study and show Fv/Fm to be a reliable and 
sensitive measure of Irgarol 1051 exposure inE. hUestinalis. 
Growth 
Again as for the previous experiment and Fv/Fm data, there was no significant 
difference between control and carrier control groups, therefore all treatment groups were 
compared to carrier controls. 
Growth data were again highly variable, with 96h carrier control coefficients of 
variation of 30-60% for growth data, compared to - 2 % for Fv/Fm data. 96h LOECs were 
calculated at 12.5 and 2.5pg/l respectively for Wembury and Sutton populations. 
Calculated ECsoS were 4.0 and 1.4 ^g/1 respectively for algae from Wembury and Sutton 
(r^=0.968 and 0.990 for the curves fitted to Wembury and Sutton data). There was no 
significant difference between the two populations except at 2.5^g/l where the growth of 
algae from Sutton was more reduced (Figure 61). 
For algae from Sutton the 96h LOEC was equal to the previously observed 7 day 
LOEC at 2.5fig/l. However, for the algae from Wembury, the 96h LOEC was still higher 
compared to Fv/Fm readings, but was more accurately set at 12.5 ng/l. 96h ECjoS from 
this study were virtually identical to the first study suggesting they are more reliable than 
previously thought. Ironically, the sensitivity of growth may be another indication of the 
complex, integrated nature of the response, which is thought responsible for its high 
variability. I f many systems feedback onto growth it would be expected to be sensitive. 
Again despite a clear shift in Fv/Fm concentration -response curves, growth data 
differences were less significant between populations. 
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As for the Fv/Fm data, the growth data supports the previous experiment, though 
the lower range of Irgarol did enable the 96h growth LOEC for E. intestinalis from 
Wembury to be more accurately determined. These results also showed growth ECsoS to be 
stable between experiments. 
Stress-70 
The blot had a calibration curve correlation coefficient of 0.99. However, Irgarol 
was found to have no significant effect on Stress -70 levels (Figure 62). Due to this lack of 
response, the samples of algae from Sutton were not analysed. The levels of Stress-70 
fluctuated around constitutive levels as previously observed for trace metal experiments 
(chapter 4). 
There are no known published studies on the effects of triazine herbicides on stress 
protein responses. The majority of stress protein studies have focussed on trace metal 
pollutants. Ethanol has been reported to induce stress proteins (Sanders 1993) and it has 
been proposed that ethanol may be proteotoxic by causing translational errors (Hoffmann & 
Parsons 1991). The lack of any stress protein induction in carrier controls and treatment 
groups, ail exposed to lOO^I/I ethanol, probably reflects lack o f toxicity at such low 
concentrations. Paraquat is the only herbicide reported to induce stress proteins (Sanders 
1993). The mode of action of Paraquat is the generation of highly damaging free radicals, 
which interact with lipids, proteins and nucleic acids. Therefore it is potentially highly 
proteotoxic. In contrast the primary mode of action for triazines (as explained) is binding to 
protein D-1 blocking photosynthesis. Free radical production is thought to be part of the 
triazine mode of action, but only as a secondary efl^ ect and to a much lesser extent than 
Paraquat would produce. In a recent study Irgarol 1051 had no effect on ion leakage (an 
indicator of membrane damage) in Ulva lactuca after 48h exposure to SO^g/l (Biggs 1997). 
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Figure 62 . The e f fec t of 96h Irgarol exposure on the S t r e s s - 7 0 
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It is suggested therefore that triazines may only be weakly proteotoxic and failed to induce 
a stress protein response at the concentrations and exposure times investigated. Therefore 
Stress-70 cannot be considered useful as a biomarker of exposure to triazine herbicides 
such as Irgarol 1051. 
The results so far indicate that Stress-70 cannot be used as a biomarker of triazine 
exposure in E. intestinalis. However, growth and Fv/Fm appear to be reliable and sensitive 
indicators of exposure to Irgarol 1051. 
Another potential indicator of triazine exposure is an alternative chlorophyll 
fluorescence parameter - complementary area. Complementary area is the area above the 
chlorophyll fluorescence 'Kautsky' curve between parameters Fo and Fm (refer to chapter 
2 for details) and is proportional to the size of the plastoquinone pool i.e. pool of electron 
acceptors on the reducing side of PSII. This chlorophyll fluorescence parameter is 
potentially a very sensitive indicator of exposure to triazine herbicides, as it is dramatically 
reduced when electron transfer from the chlorophyll reaction centers to the quinone pool is 
blocked (Hall et al 1993), as is the mode of action of triazine herbicides (Figure 63). 
0 O S s e ; 
Figure 63: chlorophyll fluorescence curves for control and atrazine treated wheat 
leaves (adapted from Bolhar-Nordenkampf et al, 1989) 
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Therefore a final experiment was designed to investigate the response of growth, 
Fv/Fm and complementary area to the triazine atrazine. The experiment was also an 
opportunity to compare the toxicity of two common triazine pollutants - atrazine and 
Irgarol. Atrazine is reportedly less toxic than Irgaroi I05I (Dahl & Blanck 1996) though it 
has the same mode of action. 
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An investigation into the effect of atrazine on the physiology of two E, 
intestinalis populations. 
Aim 
The aim of this experiment was to gain information on the effect of atrazine on the 
growth, Fv/Fm and complementary area of Sutton Harbour and Wembury Bay E. 
intestinalis, in order to assess the use of complementary area as an indicator of triazine 
exposure. The experiment also designed to enable comparison of the two triazines atrazine 
and Irgarol 1051. 
Experimental Design 
Essentially this study was set up as per the previous study, but the algae were 
exposed to atrazine solutions and no Stress-70 samples were prepared. The algae were 
collected in early August. Atrazine (Pestanal, Riedel-de-Haen) solutions were prepared in 
the same way as Irgarol solutions with an ethanol carrier, but for this study 200fil/l ethanol 
carrier was used. The range of atrazine solutions prepared was 0.22, 2.2, 22, 220 and 
2200^g/l (c. 0.001, 0.01, 0.1, 1 and 10 ^M) . In addition the chlorophyll fluorescence 
parameter complementary area was measured for algae from Wembury. This was made 
possible by the selection of wide fronds that filled the leaf clip. Twelve sections were 
incubated per treatment group for both populations. The Wembury growth and chlorophyll 
fluorescence data presented here, were collected jointly with S. May, University of 
Plymouth. 
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Results & Discussion 
Fv/Fm 
As for the Irgarol experiments, for both populations there was no significant 
difference between the Fv/Fm readings of control and carrier control sections at all times, 
therefore all atrazine treatment groups were compared to the carrier controls. 
An effect on Fv/Fm was detected though not as dramatic as that observed with 
Irgarol exposure, suggesting atrazine has a lower toxicity. There was no significant 
difference between any of the treatment groups at Oh (P>0.05) but by 48h and for 96h a 
weak effect was observed with LOECs for algae ft'om Wembury and Sutton established at 
220 |ig/l (Figures 64 & 65). ECsoS were not calculated because Fv/Fm readings were not 
inhibited sufficiently. The LOEC of 220^g/l recorded for both populations is high 
compared to the concentrations of atrazine reported to affect the photosynthesis of 
submerged macrophytes (5-IOng/I) (Johnson & Bird 1995) and microalgae. Workers using 
chlorophyll fluorescence to assess photosynthetic damage in microalgae reported a wide 
range o f detection limits for atrazine, reflecting interspecies differences in sensitivity and 
interexperimental differences. El Jay et a/ (1997) reported that just 8^g/l atrazine affected 
the photosynthetic system of Selenastrum capnconmtum. Arsalane et(1993) found 
limits of sensitivity of 0.4|iM (-SO^g/l) using Chlorefia fusca and 0.5^M (-100|ig/l) using 
the diatom Phaeodacfy/um triconnttum. Conrad et al (1993) reported detection limits of 
1 ^iM (-200fig/l) atrazine when assessing the chlorophyll fluorescence of Chlorella fusca. 
Comparing the responses of the two populations at 96h (Figure 66), although the 
Fv/Fm readings for algae from Sutton were significantly reduced (P<0.05) compared to 
that of algae from Wembury in the carrier control, 0.22 and 2.2 \igf\ treatment groups, 
there was no significant difference between sites at 22, 220 and 2200 \xg/\. The lack of 
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evidence for an increased sensitivity to atrazine for the algae from Sutton Harbour, such as 
was noted for Irgarol 1051 was unexpected. However, this could be a result of the 
apparent lower toxicity of atrazine compared to Irgarol 1051. That the carrier control, 0.22 
and 2.2pg/l treatment groups from Sutton had lower Fv/Fm readings than the 
corresponding algal samples from Wembury supports the previous suggestion that the algae 
from Sutton Harbour could be suffering some effects from prior exposure to pollutants in 
the field. 
Growth 
As for the Irgarol experiments and Fv/Fm data, there was no significant difference 
between control and carrier control groups, therefore all treatment groups were compared 
to carrier controls. 
Growth data were again highly variable, with 96h carrier control coefficients of 
variation being 30-60% for growth data, compared to 2-3% for Fv/Fm data. The control 
growth rate of the algae from Wembury was unusually low (Figure 67) but there was still a 
detectable LOEC. For both populations the LOEC was determined to be 220ng/l, the same 
as for Fv/Fm. Calculated ECsoS were 191 and 150 pg/I respectively for algae from 
Wembury and Sutton (r^=0.999 for the curves fitted to both Wembury and Sutton data). 
Unlike Fv/Fm, relative to the findings of other workers, E. intestinalis growth 
LOECs and ECsoS were not unusually high. However, as has been discussed, comparing 
between studies is always difficult due to experimental differences. With regards sea 
grasses, Johnson & Bird (1995) reported a 35 day ECsoof 2.5mg/l for Ruppia mariiima, 
whereas Schwartschild et a! (1994) found that exposure of Z marina to 1.9mg/l atrazine 
for 10 days in a static exposure system resulted in whole plant mortality. For microalgae, 
Francois & Robinson (1990) reported a 96h grov^h EC50 for Chlamydomouas geiileri of 
2.23^M (-0.5mg/l) atrazine and Veber et a/ (1981) reported a NOEC of 0.5mg/l atrazine 
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for the growth of Chhrella vulgaris. Gaggi ei a! (1995) found the 96h EC50 for Dimaliella 
tertiolecta growth was 132|ig/l. In contrast to these results, Kirby & Sheahan (1994) 
reported much lower values for atrazine affecting Lemna minor and Scenedesmus 
siibspicaiiis. The 10 day EC50 for L minor growth was recorded as 56 - 60^g/l (dependent 
on whether growth was measured by frond number or fresh weight respectively) and the 
96h EC50 for .5". suhspicains was 21 ^g/l. 
As with the Fv/Fm data there was no evidence of atrazine resistance for the algae 
from Sutton, as was expected from the Irgarol experiments. What was unexpected 
however, was that there was no evidence of increased sensitivity to atrazine for the E, 
intestinalis from Sutton such as was observed for Irgarol. However, the reliability of 
comparing the Sutton and Wembury responses in this experiment was called into question 
by the unusually low growth rate observed for the Wembury £. intestinalis. The reduced 
growth rate of the Wembury algae may have been the result of an infection or other 
stressor affecting the population. Shoilly following this study the culture room where 
samples were held, required emptying and cleaning due to a recurrent bacterial infection of 
algae, however no symptoms were observed during the experiment. It is interesting to note 
that although the growth rate was low for the algae from Wembury, Fv/Fm levels were 
apparently unchanged. 
Complementary area (Wembury only) 
In line with the previous experiments all atrazine treatment groups were compared 
to the carrier controls. However, at Oh carrier control area readings were significantly up 
compared to control sections. No significant difference between carrier controls and 
controls was detectable at 48 and 96h. 
An effect on complementary area was detected (Figure 68) though the readings 
were quite variable with coefficients of variability at -20% (intermediate to grov^h and 
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Fv/Fm measurements). There was a significant difference between the treatment groups at 
Oh (P>0.05) with 0.22 and 2.2 \ig/\ groups slightly reduced compared to carrier controls. 
However, by 48h the complementary area readings for controls and low concentrations had 
risen. At 48h and for 96h atrazine was exerting a clear effect on complementary area, with 
a sharp fall in readings at 220 and 2200 ng/1. The 48h LOEC was recorded as 2200ng/l. 
Further changes in the concentration-response curve occurred resulting in a 96h LOEC of 
220 \ig/\, with complementary area close to zero at 2200\ig/\. The 96h ECso was calculated 
at 254 ^g/1. Although an EC50 could be calculated for 96h area readings, this was no more 
sensitive than the 96h LOEC for Fv/Fm readings. In addition variability was higher than for 
Fv/Fm readings. Therefore it was concluded that complementary area is no better an 
indicator of atrazine exposure than Fv/Fm. 
Despite the apparent potential of complementary area as an indicator of triazine 
exposure, there are few published studies utilising this chlorophyll fluorescence parameter. 
However, these results are in accordance with Scarlett ei al (1998) who investigated the 
use of complementary area for assessing the effect of Irgarol on Z marina. Complementary 
area was no more sensitive than Fv/Fm and it had a high level o f variability associated with 
it that made statistical analysis difficult. Samson & Popovic (1988) investigated the effect 
o f atrazine on Dimaliella teriiolecia and recorded a LOEC of 0.17^M (~35^g/l) using the 
parameter complementary area, compared to 1.25|iM (~250^g/l) for oxygen evolution. 
Considering all endpoints (Fv/Fm, complementary area and growth), the LOECs for 
both populations were 220^g/l (c 1 ^iM) which is much higher than any environmental 
concentration that E. intestinalis is likely to encounter, with the highest published value 
being 1.1 ^ig/l in an estuarine environment (Bester & Huhnerfuss 1993). These values also 
indicate that atrazine is much less toxic than Irgarol 1051 for which LOECs of -2 orders o f 
magnitude lower were recorded. 
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General Discussion 
Interpopulation responses to Irgarol and atrazine 
From both the Irgarol 1051 and atrazine experiments there was no evidence of 
resistance to these triazines in the Sutton Harbour E. huestinalis population. In fact the 
evidence was for increased sensitivity of the algae from Sutton Harbour to Irgarol 1051 
compared to the algae from Wembury Bay. The increased sensitivity of algae from Sutton 
Harbour appears most likely to be due to prior exposure to other pollutants in Sutton 
Harbour. This highlights the problem of studying single stressors, as in a field situation 
algae are most likely to be exposed to multiple stressors. 
The increased sensitivity o f algae from Sutton Harbour to Irgarol 1051 was clear 
from the Fv/Fm data and to a lesser degree indicated by the grov^h data. However, under 
atrazine exposure there was no such obvious shift in responses between the algal 
populations. This is thought to relate primarily to the lower toxicity o f atrazine compared 
to Irgarol. 
The fact that the E. intestinalis from Sutton Harbour does not exhibit resistance to 
triazine herbicides at present, does not exclude the possibility o f triazine resistance 
emerging in the fijture within E. ifitestinalis populations. This alga is highly adaptive and 
has been shown to develop resistance to copper. With prolonged use of Irgarol 1051 in 
antifouling products resistance may emerge as it has in higher plants and as copper 
tolerance did in fouling populations of E. intestinalis. 
Endpoints of triazine toxicity 
The mode of action of triazine herbicides is well known (as described in the chapter 
introduction) and reflected in the sensitivity of the various toxicity endpoints measured 
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Both growth and Fv/Fm were found to be reliable and sensitive indicators of 
exposure to Irgarol 1051. The rapid and strong effect of Irgarol 1051 on Fv/Fm was as 
expected for an inhibitor of PSU and the disruption of energy flow had a knock-on effect 
on growth. I f sensitivity is based on LOECs then Fv/Fm is more sensitive than growth, 
however if based on EC50S then the opposite is true. However, when the rapidity of Fv/Fm 
measurements are taken into account and the lower variability associated with this 
measurement then Fv/Fm was concluded to be the better parameter for detecting Irgarol 
1051 exposure in E. intestinalis. 
There was no induction of Stress-70 under exposure of E. intestinalis to Irgarol 
1051. This reflects the fact that the mode of action of triazine herbicides is not primarily 
proteotoxic and shows that Stress-70 cannot be considered useful as a biomarker of 
exposure to triazine herbicides. 
The atrazine experiment indicated that the chlorophyll fluorescence parameter 
complementary area was no more sensitive than Fv/Fm and had more associated variability. 
Although this may not hold true under exposure to Irgarol 1051 this suggests that Fv/Fm is 
the better choice of fluorescence parameter for detecting exposure to triazine herbicides. 
Chlorophyll fluorescence has been widely reported as a sensitive tool with which to 
detect the effects of herbicides (Ireland et a/ 1988, Bolhar-Nordenkampf a/ 1989, 
Arsalanee/a/ 1993, Conrad et al 1993, EI Jay 1995, Ruth 1996, El Jay e/a/ 1997) and has 
also been used to monitor triazine resistance in crop plants and weeds (Fuks et al 1992, 
Van Oorschot & Van Leeuwen 1992,Sundby et al 1993, Darko et al 1996, Plowman & 
Richards 1997, Singh et al 1997). 
In studying the effects of triazine herbicides, a range of chlorophyll fluorescence 
parameters have been used, however references to complementary area and Fv/Fm are rare. 
Singh et al (1997) investigated the effect of isoproturon on wheat and Phalaris minor and 
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found that the herbicide reduced the Fv/Fm of excised leaves within 4h of exposure to 
0.025niM. Van Oorschot & Van Leeuwen (1992) measured the fluorescence ratio P-I/P 
(refer to chapter 2 for details on chlorophyll fluorescence induction kinetics) using a non-
commercial fluorometer to diagnose resistance to chlorotoluron in Alopecunis myositroides 
(black grass). This ratio relates to complementary area and was found to be rapidly reduced 
under exposure to PSII blocking herbicides. It was also found to be as sensitive as 
measurement of carbon dioxide uptake and yet a lot less labour intensive and complicated. 
The majority of studies investigating the monitoring of triazine herbicides have used 
microalgae and various ways of measuring the increase in fluorescence that is associated 
with the effects of PSIT herbicides. Conrad et al (1993) measured fluorescence yield where 
Fluorescence yield = (Fv)herb/15 - control value 
f 
(Fv)herb/15 refers to the variable fluorescence (Fv) 15 minutes af^er the addition of 
herbicide and f is the ratio between maximum fluorescence (Fm) and initial fluorescence 
(To). This parameter had a reported detection limit of 1 | i M (~200^g/l) atrazine when 
assessing the chlorophyll fluorescence of Chlorella fusca. Arsalane e( al (1993) measured 
the relative increase in variable fluorescence as defined by 
(Fv herbicide - Fv reference) 
Fv reference 
and this system had a limit of sensitivity of 0.4|iM ("-80|ig/l) atrazine using Chlorella fusca. 
More recently El Jay et a/ (1997) reported that measuring the increase in the intermediate 
level (I) of the Kautsky curve (refer to chapter 2 for details of chlorophyll fluorescence 
induction kinetics) had a limit of sensitivity of just 8|ig/I atrazine when using Selenastrum 
capricornutum. 
In summary, of all the toxicity endpoinis measured Fv/Fm was found to be the best 
parameter for measuring exposure to triazines herbicides in E. intestinalis. However, it 
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should be considered that other parameters (including other chlorophyll fluorescence 
parameters) may prove more sensitive, for example growth of E. intestinalis germlings has 
been reported to be inhibited by Irgarol concentrations as low as lOOng/1 (Scariett et al 
1997). This is a concentration regularly monitored in the field and could drastically affect 
survival of this alga. 
Comparison of Irgarol & atrazine toxicity 
These experiments show that on a molarity basis atrazine is less toxic than Irgarol 
1051 to E. intestinalis (Table 9). The 96h Fv/Fm L O E C for Irgarol is two orders of 
magnitude lower than atrazine, as was the 96h growth L O E C and growth ECsoS. This has 
also been shown by Hopkin & Kain (1978) for L hyperborea and Dahl & Blanck (1996). 
Table 9. 96h data collected from triazine experiments 
Herbicide Concentration (nM" 
96h 
Parameter 
Irgarol Experiment 1 
Wembury Sutton 
Irgarol Experiment 2 
Wembury Sutton 
Atrazine Study 
Wembury Sutton 
Fv/Fm 
L O E C 
ECso 
0.01 0.01 
0.01 -0.05 
0.01 0.01 
<0.01 -0.05 
1 1 
Not reduced enough 
Growth 
L O E C 
ECsQ 
7 day endpoint 0.05 0.01 
<0.01 -0.02 
1 1 
0.7-0.9 
Area 
L O E C 
EC50 
1 not measured 
1 not measured 
Dahl & Blanck (1996) reported that Irgarol was - 70 times more toxic than atrazine to 
microalgae and suggest that this is due to Irgarol having a methylthio group rather than 
chlorine. Terbutryn is another methylthio containing triazine with a similar structure to 
Irgarol and has been shown possess stronger algicidal properties than similar concentrations 
of other triazines (Goldsborough & Robinson 1985). 
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Taking into account the relatively low environmental concentrations of atrazine 
compared to Irgarol 1051 and lower toxicity, Irgarol 1051 appears to be more cause for 
concern in the marine environment than atrazine. As atrazine is currently on the UK 'red 
list' and regularly monitored in coastal waters by the Environment Agency this comparative 
data suggests Irgarol 1051 should receive the same attention. 
Bioaccumulation of Irgarol 
From the limited bioconcentration study carried out, E. intestinalis was found to 
rapidly take up Irgarol 1051. The alga was also found to bioconcentrate Irgarol 1051 to 
high tissue concentrations when aqueous concentrations of the herbicide were low. At first 
glance this raises the question as to whether or not E. intestinalis could be used to 
biomonitor Irgarol 1051. However, bioconcentration was not found to be linear. With 
increasing aqueous concentrations of Irgarol 1051 the bioconcentration factor for E. 
intestinalis was found to decrease. This suggests that some saturation point may be reached 
for the algae which would negate its' use as a biomonitor. This could relate to a finite 
number of D I proteins to which the herbicide is known to bind. 
As E. intestifialis does appear to rapidly bioconcentrate Irgarol 1051, it should be 
considered that more useful information for risk assessment may be derived from relating 
effects on algae to tissue content rather than aqueous concentrations. What is clear fi-om 
this data is that further work is required to gather information on the take up and 
localisation of Irgarol 1051 within intestinalis. 
As with the trace metal experiments, no conclusive environmental significance can 
be drawn from these results, but these short-term experiments suggest that environmentally 
relevant concentrations of Irgarol 1051 would have little effect on the physiology of aduh 
E. intestinalis from clean areas. However, when there are other stressors present then the 
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algae may exhibit reduced photosynthesis and growth. Most worrying are the reported 
results of chronic toxicity testing with Irgarol on Z marina. Scariett et al (1998) found that 
36 days exposure of Z marina to Irgarol resulted in an EC50 of just 0.2pg/l - a 
concentration to which plants may be exposed in the environment. 
In the light of the problems encountered with TBT there is a clear need for fijrther 
investigation of Irgarol 1051. In particular more information is required on the fate and 
long-term effects of the herbicide. The combined effects o f Irgarol and other stressors 
should be considered as well as the effects on the reproductive stages of algae. There is 
also no information on the effects of Irgarol 1051 on non-target (non-fouling) macroalgae, 
which has implications for the biodiversity of marine systems. 
As a final step in the evaluation of Stress-70 as a potential biomarker of exposure to 
pollution, a field trial was carried out and this is described in the next chapter. 
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Chapter 6 
FIELD APPLICATION OF STRESS-70 
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Introduction 
In the past, 3 main approaches have been applied to environmental monitoring of 
coastal waters and estuaries - chemical analysis of water, sediments and selected 
biomonitors, laboratory based toxicity testing of contamination sources (e.g. sewage 
discharges) and field-based assessments (Wilkinson 1993). 
Chemical data provides valuable information, but gives no indication of biological 
effects and, although laboratory based studies are useful for ranking the toxicity o f 
toxicants they have limited ecological value. Laboratory data is almost impossible to 
extrapolate to field conditions and the need for 'effects-based monitoring* in situ is widely 
recognised (Phillips & Rainbow 1993). Responses can be measured at all levels of 
biological organisation i.e. from molecular level biomarkers through to community 
stmcture analysis. 
As discussed in the general introduction to chapter 4, seaweeds fijlfil many of the 
basic requirements for a good biomonitor and have been exploited as heavy metal 
biomonitors (Phillips & Rainbow 1993). Despite this there has been almost no use of 
macroalgae in 'effects-based' biomonitoring in situ. The few studies that have been carried 
out have involved measuring physiological parameters, such as growth and photosynthesis 
(Hsaio ef al 1978,Tewari et al 1990). 
Like many other cellular level biomarkers, stress proteins have had little application 
in the field, with the majority of work involving laboratory exposures of animals or cells. 
The few field applications there have been have yielded negative results. Lundebye et al 
(1996) failed to find correlation with in situ TBT contamination and Stress-70 or 60 levels 
in mussels. Similariy no correlation was found with regard to Stress-70 in shore crabs, 
sampled along a metal pollution gradient (Pedersen & Lundebye 1996) and Stress-70 in 
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centipedes sampled from clean areas and areas contaminated with high concentrations of 
lead and zinc near smelters (Pyza et al 1997) 
Aim 
The aim of this experiment was to investigate the use of Stress-70 in E. intestinalis 
as an indicator of in situ contamination. This was carried out by sampling E. intestinalis 
from a variety of sites along the South Devon and Cornwall coast with differing levels o f 
pollution. The algae were then analysed for Stress-70 levels and the levels o f pollution and 
Stress-70 levels were compared. Chlorophyll fluorescence parameters were also measured 
for the algae sampled. This was to assess the use of chlorophyll fluorescence for detecting 
pollution in situ and compare the results with those obtained for Stress-70 levels. 
Sample Sites (refer to the map in appendix I) 
Two sites, on the South Devon Coast, with few potential sources of pollution 
impact were chosen as 'control* sites: 
* Wembury Bay (OS SX517484) (Plate 10). Refer to chapter 3 for details on this site. 
* Thuriestone Beach (OS SX660435). 
Three sites with suspected contamination by a variety of pollutants (primarily 
organic), all in urbanised areas with high levels o f boat traffic and other inputs, were chosen 
as 'highly impacted' sites: 
* Sutton Harbour (OS SX486543) (Plates 21 & 22). Refer to chapter 5 for details. 
* Admirals Hard in Plymouth Sound - the site of small cross-river ferry and located at the 
mouth of the River Tamar, which is used extensively by large naval vessels. 
* Pomphlett Creek - a small boat yard site at the mouth of the Plym River that is close to 
a landfill site and sewage works, receiving run-off from both. 
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Finally, 3 sites in the Fal Estuary, Cornwall were sampled as 'chronically metal 
impacted' sites. As described in chapter 4 there is an established metal gradient within the 
estuary, and these 3 sites were chosen to reflect the gradient 
* Restronguet Creek (OS SW 385810), which has the highest level of contamination and 
is the site of a copper tolerant E. bUestinalis population (Plate 14) 
* Pill Creek (OS SW 385827), considered intermediate within the estuary 
* St Just (OS SW 361848), considered least polluted within the estuary and a site of high 
biodiversity, supporting sponges and a variety of macroalgal species (Plate 15). 
Experimental Design 
All sites were sampled within a fortnight of each other (late August - early 
September), on the low tide. This sampling 'window' was used for this study to minimise the 
impact of changes in temperature and similar factors between sites. On site a sample of 
EtUeromorpha spp. was *snap* frozen in liquid nitrogen for Stress-70 analysis. Prior to 
freezing, each sample was briefly washed three times in filtered seawater. 3 sub-samples from 
the frozen tissue were processed for Stress-70 analysis as described in chapter 3 and two blots 
were run - one with control sites and metal polluted sites and a second with control sites and 
highly impacted sites. 
At each site a sample of Enteromorpha spp. was also collected for species 
identification and chlorophyll fluorescence measurements. This algae was transported to the 
laboratory in polythene bags, in a cool box. On return to the laboratory the algae were 
carefijlly washed and identified, then held in tanks of 33ppt Instant Ocean plus nutrients 
(lOmg/1 Na2HP04 I2H2O, 50mg/l NaNOj) at 15°C under 16:8h light: dark 40-50 
i^molesW/s light for 24h, with 0.21/min aeration. 
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After 24h acclimation, for each site, 10 sections were selected from broad, non-
reproductive thalli and the chlorophyll fluorescence parameters - Fv/Fm and complementary 
area were measured Sample collection and gathering of chlorophyll fluorescence data were 
carried out jointly with S May (University of Plymouth) 
A common criticism of using Enteromorpha spp as biomonitors is the difficulty in 
correctly classifying the species being sampled (Phillips 1994) As indicated in chapter 2 
there is confusion as to the correct classification of the branched Enteromorpha spp - E. 
intestinal is var compressa or E. compressa As this branched form was the only 
Enteromorpha spp available at some sample sites, extra sampling was carried out at 
Wembury Bay to compare Stress-70 levels in the two forms At Wembury Bay both 
E. mtestinahs (Plate 23) and E. intestinalis var compressa (Plate 24) were found growing 
together As the two forms existed in the same place, it was hypothesised that any 
differences in Stress-70 levels would be due to genetic rather than environmental factors 
Samples of each were snap' frozen on site and 3 sub-samples processed for Stress-70 
analysis as described 
Plate 23 E. mtestinalis (Bar = 5cm) 
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Plate 24: E. mtestirialis var compressa (Bar - 5cm) 
Statistical A nalys is 
Complementarv' area and Fv/Fm readings for each site were compared by the 
Kmskal Wallis non-parametric test at the 95% significance level due to non-homogeneity of 
variance Stress-70 data was analysed by nested ANOVA and t-tests as described in chapter 
Results 
Species Identification 
Although other species were found at many sites, for all measurements either 
E. intestinalis or E. intestinalis var compressa was collected, with the latter sampled at 
Thurlestone Beach, Pomphlett Creek and Sutton Harbour 
Fv Fm & Complementary Area 
All Fv/Fm readings were within the typical range for healthy algae (0 779-0 869), 
however a comparison of sites by the Kruskal Wallis test indicated that there were 
statistically significant differences (P<0 05) between sites, with Restronguet and Wembury 
algae exhibiting Fv/Fm readings significantly lower than those at the other sites (Figure 69) 
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Complementary area was a more variable measurement, with readings ranging from 
10739 - 21681. Statistical analysis revealed that Admirals Hard, Pomphlett and Sutton 
algae had significantly higher complementary area readings than algae at the other sites 
(Figure 70). 
Siress-70 levels 
The slot blot calibration curves had correlation coefficients of 0.98 and 0.99, but the 
curve for the blot of metal polluted site samples was shifted as in the previously described 
zinc experiment (chapter 4) i.e. readings were lower than those observed for majority of 
blots. All sites fluctuated at baseline levels, except for a very significant rise in Stress-70 
levels for Pill algae (Figures 71 & 72). 
E. iutestinalis versus E. intestinalis var. compressa 
Although levels were low for both algae, there was a significant difference between 
Stress-70 levels in the two forms, with E. intestinalis var. compressa exhibiting lower 
levels (0.6 ± 0.01 AU (Mean ± SE)) than E. intestinalis (0.98 ± 0.11 AU). 
Discussion 
The resuhs of the ^effects based' biomonitoring using chlorophyll fluorescence 
parameters and Stress-70 were less than successful. Fv/Fm and Stress-70 measurements 
showed no correlation at all with the known trace metal levels or suspected impact received 
at each site. Fv/Fm readings were only found to be significantly reduced for algae from 
Wembury and Restronguet. Wembury Bay is considered a clean site and Restronguet Creek 
has the highest levels of trace metal contamination of any UK estuary. Stress-70 levels were 
only found to be elevated at one sample site. Lanaras et al (1994) also found Fv/Fm to be a 
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Figure 69. Fv/Fm measurements for E. intestinalis sampled at a variety of sites 
and acclimated to laboratory conditions for 24h. Data presented as Mean ± S E 
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Figure 70. Complementary area measurements for E. intestinalis sampled at a variety of sites 
and acclimated to laboratory conditions for 24h. Data presented as Mean ± SE 
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poor indicator of pollution in situ. Lanaras ei a/ (1994) investigated the use of chlorophyll 
fluorescence in the dandelion {Taraxacum spp.) for screening urban pollution and found no 
correlation between Fv/Fm and pollution levels. 
The shift in calibration curve on one of the blots was difficult to explain as the same 
reagents, including antibody batches, were used for both blots. It is possible that an 
environmental parameter varied between blots, such as the room temperature during 
incubation and film development, but this could not be conclusively proven. Again this 
indicates the need for the inclusion of a standard curve on blots. 
No obvious explanation was found for the high levels o f Stress-70 in algae from 
Pill, but a relatively high salinity reading (40ppt) was taken at the site on the day of 
sampling and could indicate exposure to high temperatures prior to sampling. It is also 
possible that salinity changes themselves may affect Stress-70 levels, although there is no 
published evidence of this at present. Considering the non-specific nature o f the CSR any 
number of stressors, such as infection, could have caused the phenomenon. The lack of 
correlation between Stress-70 and contamination was not unexpected, as other workers 
have also failed to find a relationship between Stress-70 and pollution /// 5/7// (Lundebye et 
al 1996, Lundebye & Pedersen 1996, Pyza et al 1997). From these results total Stress-70 
in E. intestinalis cannot be recommended for use as an /// situ biomarker o f pollution. 
It is possible that the production of stress proteins is a transient *damage limitation' 
response, providing protection until other detoxification systems come into play (Vedel & 
Depledge 1995). Veldhuizen-Tsoerkan c/ a/ (1991) reported stress protein induction in 
mussels under acute exposure to cadmium, but failed to find a response during chronic 
exposure. The majority of laboratory studies have utilised short-term, acute exposure, but 
as Hightower (1993) pointed out, most stress proteins have half-lives of only days. I f this is 
the case, as it appears to be, then useful application of stress proteins as biomarkers would 
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depend critically upon sampling times (Depledge 1994). I f secondary, longer-term 
detoxification systems are identified, it is possible that more useful biomarkers may come to 
light. 
Although Fv/Fm does not appear to be a useful parameter of pollutant exposure, 
interesting changes in complementary area were observed. An increase in complementary 
area readings at sites considered organically polluted was recorded, but the cause is 
currently unclear - Photosystem I I blocking agents such as triazine herbicides decrease this 
parameter, which is proportional to the size of the plastoquinone pool. In order to fully 
evaluate the potential use of this parameter in environmental monitoring,flirther study is 
required to determine the cause and reliability of the response. 
With regards to the difference in constitutive Stress-70 levels between the 
unbranched and branched forms of E. intestinalis, the relevance of this 'snapshot' is not 
clear. As m^nuontd,Enteromorpha spp. exhibit extreme phenotypic plasticity and there is 
no reason to assume that biochemical characteristics are any less plastic. E. lima in the 
intertidal zone is known to exhibit differences in temperature tolerance that have a genetic 
basis (Innes 1988) and such genotypic variation in temperature tolerance could reflect 
differences the CSR. It is clear from the literature that little is known with regards to the 
fundamentals of stress protein expression in seaweeds. More basic research is required on 
this response and stress proteins, such as inter and intra-specific variability in stress protein 
expression and potential daily and seasonal changes in levels of stress proteins. 
To conclude Stress-70 and Fv/Fm are not recommended for use as in situ 
biomarkers of pollution. However, Enteromorpha spp. have several characteristics which 
recommend the algae for use in environmental monitoring and with research to identify 
reliable and sensitive biomarkers of pollutant exposure and effect they may yet be 
successfully utilised in pollution monitoring programmes. 
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An approach combining both residue analysis and measurement of biomarker 
responses in a biomonitor organism has the potential to reveal much information on both 
the fate and effects of environmental contaminants /// situ. A more complete picture of a 
community or ecosystem could be gained by extending the approach to include a suite o f 
biomarkers and a number of organisms to represent different trophic levels. 
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Chapter 7 
FINAL DISCUSSION AND CONCLUSIONS 
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Development of the Stress-70 Assay 
The first challenge of this study was to develop a practical and reliable method o f 
measuring Stress-70 levels in £ . intestinalis. A Stress-70 assay, based on slot blotting, was 
developed and represents a significant improvement over Western blotting in terms of cost 
and complexity - an important consideration for a biomarker technique. However, there are 
a number of suggestions for further improvement of the technique. 
The potential inaccuracy of measurements of low Stress-70 levels, as discussed in 
chapter 2, did not appear to reduce the sensitivity of the assay but is a feature that should 
be addressed. A potential solution could be the use of a different blot analysis system - the 
densitometer used might be considered insensitive and limited, in comparison to state of the 
art computerised image analysis systems. Secondly, ultra sensitive chemiluminescent 
detection systems are being developed which may produce a stronger signal with low 
protein concentrations. Finally, pre-flashing the Hyperfilm prior to blot exposure could be 
useful. This is reported to help linearise the film response to the light from ECL (Amerhsam 
1995) and make quantification of low protein levels more accurate. 
Although improvements have been suggested, the slot blot assay was simple, 
practical and sensitive enough to detect a quantitative relationship between Stress-70 and 
thermal stress. Using the Stress-70 assay E. intestinalis was found to exhibit a classic 
heatshock response, The assay was also used successfully to investigate changes in Stress-
70 in E. intestinalis under exposure to chemical stressors. 
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Stress-70 as a hiomarker of pollution exposure in Enteromorpha spp, in the laboratory 
and in situ 
Laboratory Experiments 
One of the main aims of this study was to assess the potential o f Stress-70 in 
Enteromorpha spp, as a biomarker of pollution exposure compared to conventional toxicity 
endpoints such as growth and photosynthesis. Stress-70 induction was compared with 
changes in growth and photosynthesis, because a major advantage often stated for using 
subcellular biomarkers is an increased sensitivity compared to conventional physiological 
responses. However this was not found to be the case for Stress-70 in E. intestinalis 
exposed to copper and triazine herbicides in the laboratory. 
Comparing the relative sensitivities of the endpoints tested in laboratory 
experiments (Table 10) it can be seen that growth was the most sensitive measure of 
copper exposure for E. intestinalis. Fv/Fm was insensitive to copper exposure and 
compared to growth the Stress-70 response was weak. 
Table 10. The LOECs & (ECsos) of various toxicity endpoints recorded for E. intestinalis 
collected from Wembury under exposure to copper, zinc, Irgarol & atrazine 
Stressor under investigation (fig/l) 
Endpoint Copper Zinc Irgarol Atrazine 
Growth 50(70) 500 12.5(4) 220(191) 
Fv/Fm 500(>500) >500 2.5 (8.6-10.5) 220 
Stress-70 100 (na) 50 (na) not induced -
Complementary 
area _ _ 220 (254) 
Growth was also a reliable and sensitive measure of exposure to Irgarol 1051 and 
atrazine, but Fv/Fm was considered the best indicator o f exposure to triazine herbicides due 
to the inherent variability associated with growth. Complementary area proved to be no 
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more sensitive than Fv/Fm under atrazine exposure. An increase in Stress-70 was not 
induced by exposure to Irgarol, despite such strong physiological responses. Only exposure 
to zinc induced a Stress-70 response at lower concentrations than those affecting growth. 
As with copper exposure, Fv/Fm was insensitive to zinc. 
The relative sensitivities of the endpoints appears to reflect the various modes of 
action of the pollutants. It seems that Stress-70 is only induced by stressors that are 
strongly proteotoxic. Copper and zinc are known to bind to proteins as a primary mode of 
action and did induce increases in Stress-70 levels. However Irgarol, which failed to induce 
an increase in Stress-70, and other triazines are not directly proteotoxic. Growth was a 
good all round toxicity endpoint, with the integrated nature of the response reflecting the 
relative toxicities of the stressors tested. The chlorophyll fluorescence parameter Fv/Fm 
was a good indicator of exposure to the PSII targeting triazine herbicides. 
It was concluded from the laboratory experiments that Stress-70 has no future as a 
biomarker for exposure of E. inlestinalis to copper and triazine herbicides. The only 
potential role Stress-70 in E. intestinalis may have is the detection of exposure to zinc in 
laboratory testing, however the data collected was limited and further work is required to 
fully evaluate this. 
In addition to being less sensitive than growth and photosynthesis under exposure 
to copper and Irgarol, a number of other problems associated with using Stress-70 in £. 
intestinalis as an indicator of exposure to pollutants were found. Stress-70 levels were 
observed to have a high level o f inherent variability. Also the Stress-70 response was found 
to be strongly affected by nutrient limiting conditions and high levels of copper appeared to 
damage protein synthesis, therefore affecting the Stress-70 response. Attempts to improve 
the sensitivity of the Stress-70 response to copper exposure using a challenge based test 
failed 
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The failure of Stress-70 to be induced by exposure to the triazine Irgarol cannot be 
discussed in the context of other work into the effects of triazine herbicides on the CSR as 
none appears to have been carried out. However trace metals are widely reported to induce 
the CSR. Why is it then that Stress-70 is not a good biomarker of trace metal exposure in 
E. intestinalis when other workers suggest that it is in other organisms ? 
In fact, in terms of trace metals, this study only indicates that Stress-70 in E. 
intestinalis is a poor biomarker of copper exposure. Stress-70 may have been more 
sensitive in E. intestinalis exposed to other trace metals such as cadmium and arsenite, 
which have reported to strongly induce the CSR (Steinert & Pickwell 1988, Bauman et al 
1993, Dyer et al 1993b, Ryan & Hightower 1994, Kohler et al 1996, Williams et al 1996, 
Zanger et al 1996). Both copper and zinc exposure led to an increase in Stress-70 levels in 
E. infestinalis, which is consistent with the results o f other studies. It is the lack of 
sensitivity of Stress-70 in E. intestinalis to copper exposure that is not in agreement with 
the results of some other workers. 
As discussed in chapter 4, the finding that Stress-70 is a poor indicator of copper 
exposure is in accordance with the findings of Vedel & Depledge (1995). However other 
authors (Sanders e/ a/ 1991b & 1994b, Cochrane et al \ 99\) have shown stress protein 
production in the blue mussel Mytilus edtilis, and rotifer Brachionus plicatilis to be more 
sensitive to copper exposure. These authors also showed that changes in Stress-60 were 
more sensitive than higher level responses, such as scope for growth, to copper exposure. 
Another recent publication, by Kammenga et a/ (1998), reported that Stress-60 levels in the 
nematode Plectiis aatminatus were strongly increased under exposure to environmentally 
realistic copper levels and that the response was 3 orders of magnitude more sensitive than 
the reproduction EC20 (effective concentration at which reproduction was reduced by 
20%). 
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There are many reasons for the differences in sensitivity of stress protein responses 
between studies. Firstly there are potential differences in experimental protocols. Secondly 
the different organisms investigated may have fundamental differences in the take up of 
trace metals and cellular responses to trace metal exposure. It should also be noted that 
Cochrane et al {\99\), Sanders etal(\99\b) and Kammenga etal(\998) analysed levels 
of Stress-60, rather than Stress-70. Stress-60 could be more sensitive to copper toxicity 
than Stress-70 as it is found primarily in mitochondria and chloroplasts. These organelles 
are the site of redox reactions, involving many metalloenzymes which copper may bind to 
and disrupt. An analysis of changes in Stress-60 in E. intestinalis could yield very different 
results to those recorded for Stress-70 However a cross-reactive Stress-60 antibody would 
need to be identified first. 
The original postulation that stress proteins could have potential as a biomarker for 
use in environmental monitoring was based on a small body of literature, which reported 
the conserved nature of the response and wide range of stressors which induced the 
response. 
The first stress protein studies however were laboratory experiments with cell 
cultures and/ or organisms exposed to acute, extreme levels of stressors. Only a few 
environmentally realistic studies have been carried out and although some o f these have 
yielded promising results in terms of sensitivity and clear relationships between pollutants 
and stress proteins levels (Sanders 1990, Sanders e/a/ 1991b & 1994b, Cochrane et al 
1991, Kohler et al 1992, Kammenga et al 1998), there is now increasing evidence, such as 
that collected during this study, that stress proteins are not the universal monitoring tool 
hoped for. 
Vedel & Depledge (1995) found that Stress-70 in the shore crab Carcinus maenus 
was insensitive to copper exposure and Kohler et a/ (1992) failed to find induction of 
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Stress-70 in 3 species of diplopods exposed to lead. In addition Pyza et a! (1997) failed to 
find any correlation between Stress-70 levels in the centipede Uthobius nmtabilis and 
exposure to dimethoate, copper and the detergent linear alkyl-benzene sulfonate. Pyza et al 
(1997) also reported high variability in Stress-70 levels and high constitutive levels in L 
mittabilis. 
It appears that because o f differences in the take up of pollutants, detoxification 
mechanisms and the pollutants' mode of action, the rapidity and level of induction of stress 
proteins varies with the organism and pollutant under investigation. For stressors that are 
not primarily proteotoxic, stress proteins appear to be less sensitive than biomarkers based 
on the primary target of the stressor. I t is also recognised that different stressors induce 
different stress proteins (De Pomerai 1996), which means that by screening for only one 
stress protein, the impact of other stressors may be missed. 
Despite the negative findings reported there have been some positive studies and the 
contradictory results reported by workers investigating stress protein responses to 
pollutants, means that stress proteins cannot be disregarded completely as a potential 
biomarker. The basic premise for the use of stress proteins is sound and it does appear that 
stress proteins are a useful indication of the integrated proteotoxic stress load of an 
organism. With the careful selection o f organisms and target stress proteins, sensitive 
measures of exposure to some pollutants may be found. 
In summary, although Stress-70 in E. intesiinalis was not useful as a biomarker for 
copper and triazine herbicides in this study, further work investigating the effects of other 
pollutants and/or different stress proteins could yield more positive results with this alga. 
The Stress-70 assay developed during this study is adaptable enough to enable stress 
proteins other than Stress-70 to be measured. It is important to note that TOTAL Stress-70 
was measured during the present study i.e. both constitutive and inducible forms o f Stress-
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70. Utilising an antibody that detects only the inducible form of Stress-70 could reveal 
different results in terms of sensitivity. Alternatively Stress-60 which has yielded positive 
results with other organisms could be a useful choice of target stress protein. An interesting 
group of stress proteins to investigate could be the LMW stress proteins, which are known 
to be particularly abundant and responsive to stress in higher plants (Waters et al 1996), a 
phenomenon which could hold true for algae. 
Fiefd Experiment 
Studies investigating stress proteins as pollution biomarkers have been almost 
entirely laboratory based and only recently have attempts been made to investigate the use 
of stress proteins in the field. However from the evidence gathered it appears that although 
stress proteins may have a role to play in pollution studies in the laboratory, they have little 
future as a biomarker of pollution exposure iu situ. 
During this study the field assessment of Stress-70 as an in situ biomarker of 
pollution exposure in E. iniestinalis failed to find a correlation between Stress-70 levels of 
£. intestinalis and the level of pollution at a range of sites. Fv/Fm readings also failed to 
correlate with pollution levels. These results agree with those of other workers. Lanaras et 
a/ (1994) found that the Fv/Fm of dandelions failed to correlate with urban pollution, but 
other chlorophyll fluorescence parameters did and were used to construct a stress index. 
Unlike Fv/Fm, the complementary area readings of E. intestinalis appeared to reflect levels 
of organic pollution. However this parameter is little understood and requires further 
investigation. 
Stress-70 has consistently failed to reflect pollution gradients in situ (Veldhuizen-
Tsoerkane/a/1991, Lundebyee/a/ 1996, Pedersen & Lundebye 1996, Pyzae/a/ 1997). 
The laboratory experiments showed that elevated Stress-70 levels were detectable af^er 5 
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and 7 days exposure to copper and zinc respectively. However this does not appear to 
apply to situations of chronic pollution exposure. This is thought to be because the CSR is 
a transient damage limitation response that persists only until detoxification systems come 
into effect (Vedel & Depledge 1995). The failure to detect any elevation of stress proteins 
negates their use as an indicator of pollution induced stress in situ. 
In addition to the lack of correlation between Stress-70 and pollution in si/u, the 
strong effects that nutrient limitation and heatshock had on Stress-70 responses in the 
laboratory highlights the impact that natural stressors have on the CSR. This indicates that 
separating responses due to pollution from those caused by natural sources o f stress could 
be almost impossible /// si(u and therefore supports the suggestion that stress proteins 
should be considered primarily to have a future as a laboratory tool. 
StresS'70 as a biomarker of acquired tolerance to pollution in E. intestinalis 
Another aim of this study was to investigate the role of Stress-70 in acquired 
tolerance to pollutants. This was investigated by comparing Stress-70 responses of copper 
tolerant and copper sensitive E. intestinalis. 
The evolutionary impact of pollutants as selection pressures has received little 
study, although there is evidence of selection resulting from anthropogenic stressors e.g. 
industrial melanism in moths, pesticide tolerance in insects, weeds and plant pathogens and 
metal tolerances in plants (Benjamin & Klaine 1995). 
E. intestinalis from Restronguet creek clearly exhibited copper tolerance, which 
appeared to have a genetic basis. However further study is required with more than one 
generation of offspring and careful crossing experiments to fully investigate the genetic 
basis of this tolerance. Stress-70 was found to have no role in copper tolerance and at 
present the mechanism(s) behind the phenomenon have yet to be elucidated. There is 
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evidence that a sequestering or compartmentalisation mechanism is involved, so 
investigations into the localisation of copper within E. huestinalis and copper binding 
compounds such as phytochelatins and metallothioneins in the alga could go a long way 
towards resolving this situation. 
Adaptation to pollution should be taken into consideration when utilising 
Enteromorpha spp. as a test organism as this could affect the interpretation of results. 
However, the influence of copper tolerance could be avoided in the laboratory by selection 
and culturing of a sensitive population. For field monitoring an 'active biomonitoring' 
(Muller et al 1993) approach could be applied, which involves the deployment of 
laboratory grown algae in the field. The phenomenon of tolerance could itself be exploited 
as an indicator of pollution and as discussed provides an opportunity to investigate the 
genetics and mechanism of copper tolerance in this seaweed. The concept o f pollution-
induced community tolerance (PICT), based on marine periphyton communities, has been 
successfully developed as a pollution assessment tool by Blanck & Wangberg (1988). 
The ability of organisms such as Enteromorpha spp. to adapt has implications with 
regards to the concept of stress. The E. intestinaiis in Restronguet creek appears to be 
flourishing. Is it therefore valid to describe copper as a stressor in this situation? It is 
possible that copper tolerance has associated costs and could therefore still be considered a 
stress. However no obvious costs were observed for E. intestinalis, with the Restronguet 
algae exhibiting no reduced grovsrth rate, Fv/Fm or reproduction when compared to copper 
^sensitive* algae under laboratory conditions. 
Alternative biomarker responses 
This study only investigated the heat shock protein Stress-70 as a potential 
subcellular biomarker in E. huestinalis. Alternative heat shock proteins have been discussed 
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as potential biomarkers e.g. Stress-60, but it should be noted that heat shock proteins are 
just one of many potential subcellular biomarkers worthy of investigation in macroalgae. 
The observation that the sensitivity of a biomarker relates to the mode of action of the 
pollutant argues for the selection of biomarkers representing a variety of subcellular targets. 
Particularly promising biomarkers include oxidative stress enzymes such as 
glutathione peroxidase, superoxide dismutase (SOD) and catalase. Higher plants show 
elevated levels of some of these enzymes following oxidative stress caused by exposure to 
pollutants such as pulp mill effluent (Roy et al 1992). 
Metallothioneins and phytochelatins that are primarily induced by trace metal 
exposure may also prove usefiji as indicators of trace metal pollution. In this study copper 
tolerant E. intestinaiis failed to exhibit a Stress-70 response to copper, but it is possible 
that high expression of phytochelatins may form part of the copper tolerance mechanism 
and could be an indicator of acquired tolerance to trace metals in this alga. 
Detoxification systems have been identified in higher plants, with the metabolism of 
xenobiotics consisting of 3 phases - transformation, conjugation and compartmentalisation 
(Roy & Hanninen 1992). Currently there is little information on the enzymes involved in 
these processes in lower plants, but it is recognised that more knowledge is required as 
macrophytes are an important sink of xenobiotics in the marine environment. 
It should be noted though that the list of potential subcellular biomarker responses 
is long and by concentrating on changes in expression of single proteins, each requiring 
specific assays, there is a danger of ending up with a multitude of biomarkers each 
applicable to a narrow range of toxicants or test species. As an alternative approach it has 
been suggested that total protein patterns should be investigated to produce 'fingerprints' 
or 'signatures' of contamination (Blom et al 1992. Bradley et al 1996). Initial results have 
been promising, but currently involve expensive and cumbersome techniques; specifically 
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proteins are separated by 2D electrophoresis, silver stained and scanned using complex 
image analysis packages and neural networks. 
It is not just other subcellular biomarkers that require further investigation, but 
biomarkers at other levels of biological organisation. Although subcellular biomarkers may 
prove very sensitive they must still be related to changes in the fitness o f an organism. In 
this study growth proved to be both sensitive and consistent, in addition to being extremely 
cheap and simple to measure. 
Also chlorophyll fluorescence was found to have many positive aspects to 
recommend it as a potential tool in pollution monitoring with plants. In particular use of a 
fluorometer enables non-destructive and non-invasive measurements to be made that are 
reproducible and rapid. 
The PEA was used successfully to detect exposure of E. intestinalis to triazine 
herbicides, but not to copper and zinc exposure. However only two chlorophyll 
fluorescence parameters were utilised during this study - Fv/Fm and complementary area -
and there are many parameters can be measured with the PEA. In addition to the alternative 
parameters which can be measured using the PEA, it should be noted that the fluorometer 
used for this study (Hansatech PEA) is a time resolving fluorometer that only measures fast 
kinetics. A second type of fluorometer exists, known as a modulated fluorometer that 
enables yet more parameters relating to photosynthesis to be investigated. Other 
chlorophyll fluorescence parameters may be sensitive to copper and zinc exposure and it is 
likely that they could prove to be more sensitive than Fv/Fm, as this is considered one of 
the least sensitive chlorophyll fluorescence parameters (Prof R.J. Strasserper, comm.) 
The reason that the use of the PEA was limited primarily to Fv/Fm was that all 
measurements except Fv/Fm are 'area dependent* i.e. they require the thallus/ leaf to fill all 
of the leaf clip area and the E, intestinalis collected often failed to fill the leaf clip area. 
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However with a modified leaf clip, the whole gambit of chlorophyll fluorescence 
parameters could be measured. 
Modulated fluorometers measure slow kinetics, an expression of dark reactions. 
Figure 6 in chapter 2 shows that there is a secondary peak in chlorophyll fluorescence after 
P that relates to the start of carbon dioxide assimilation. This is followed by a decrease in 
fluorescence beyond P to T that is due to photochemical (qP) and non-photochemical 
quenching (qN) - in healthy plants most quenching is photochemical. Fv/Fm is the 
M A X I M U M quantum yield of photosynthesis, but by using a modulated machine and 
carrying out quenching analysis, the EFFECTIVE quantum yield of photosynthesis can be 
measured. 
At the Second SET AC Worid Congress a group from Ontario, Canada presented 
work on the development and validation of fluorescence as a biomarker of polyaromatic 
hydrocarbon phytotoxicty (Gensemer et al 1995, Marwood ei al 1995). Four parameters 
were measured in both macro and microalgae, in the lab and mesocosms highlighting the 
flexibility of the technique. The parameters (1-qN) and tvi(half rise time for the rise from Fo 
to Fm and an estimation of the size of the plastoquinone pool, therefore similar to 
complementary area) were particularly sensitive and consistent measures of exposure. 
These parameters also proved to be more sensitive than a traditional growth based assay. In 
addition to chemical pollutants, chlorophyll fluorescence measurements appear to be useful 
indicators of exposure to ultraviolet radiation in some seaweeds (Dring et al 1996, B. Cordi 
per. comm.). 
The cost of fluorometers is currently quite high, but is falling all the time. After an 
initial outlay their use involves almost no costs at all. Also many advances are constantly 
being made in the design and application of fluorometers e.g. a model suitable for use at 
depth by divers has been developed. With the development of portable fluorometers, there 
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is considerable potential for the application of chlorophyll fluorescence in the field, where 
monitoring programmes require repetitive sampling. 
On a note of caution, Fv/Fm as with Stress-70, was found to be strongly affected by 
nutrient limiting conditions compared to copper and zinc. Also chlorophyll fluorescence 
parameters are reported to be aflfected by high temperatures, chilling and drought {Bolhar-
Nordenkampf & Oquist 1993). As with any response affected by natural stressors care 
must be taken to fully evaluate the natural variation of the response or to select parameters 
that are specific to the effects of pollutants. A recent publication suggests that quenching 
analysis allows discrimination of different modes of action (Brack & Frank 1998), but this 
was a carefully controlled laboratory study. Whether or not detailed analysis of 
fluorescence patterns will identify toxic pollutants in complex samples has yet to be 
determined. 
Reproductive endpoints are also worthy of further investigation with macroalgae. 
A casual observation during the laboratory experiments of this study was that higher levels 
of sporulation seemed to occur in control sections of E. intesiinalis than in those exposed 
to pollutants. Reproductive endpoints (e.g. spore/germling settlement, germination and 
growth) are potentially very sensitive and their ecological relevance is extremely important. 
Although they are almost impossible to apply in the field, they have the potential to form 
the basis of highly sensitive laboratory tests. Fletcher (1989) published a bioassay method 
for the germination of Enteromorpha spp. but it does not appear to have been widely 
applied. Analysis of the relative sensitivity of different stages of life cycle is vital to ensure 
that the potential impact of a pollutant on an organism is accurately assessed. Many authors 
(Hopkin & Kain 1978, Scarlett et al 1997, Ekiund 1998) have shown reproductive and 
juvenile stages of an organism to be most sensitive to toxic substances and there have been 
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recent indications that toxicity tests based on the reproductive stages of macroalgae may be 
used to set water quality standards in the US. Spore germination of Macrocystispyrifera is 
used to set National Pollution Discharge Elimination System permits and Champia parvttia 
is used by the US EPA for testing effluent discharge (Thursby 1993). 
In addition to the development of biomarkers, it became clear during this study that 
there are many other neglected areas of research in the development of macroalgae as 
pollution monitors. In particular there is little evidence of chronic testing, or testing of 
multiple pollutants. Also the effect that addition or omission of nutrients to the growth 
media had on the toxicity of copper to E. intestinalis highlights the importance of 
standardising experimental conditions, which would enable easier comparison among 
studies. Currently there are no standcU'd protocols followed for macroalgal toxicity testing. 
Regarding trace metal studies, Gledhill et a/ (1997) has recommended that the metal 
speciation should be carefully controlled to facilitate comparison between studies and 
extrapolation of data to field situations. 
There has also been almost no investigation into use of the algae as biomonitors of 
organic pollutants. The results from the study into bioaccumulation of Irgarol 1051 suggest 
that algae can accumulate organic pollutants, but little is currently known about the take up 
and localisation of organic pollutants within macroalgae. 
During this study Enteromorpha spp. was found to be highly amenable to pollution 
studies both in the laboratory and field. However, despite numerous favourable 
characteristics of Enteromorpba spp. it is recognised that as physiologically hardy algae 
with the ability to develop tolerance, they could prove to be insensitive to pollution, 
compared to other seaweeds. To ensure the most sensitive organism is selected to ensure 
protection of all members of a community or ecosystem, more research is required to 
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compare the responses and bioaccumulation abilities of various species. As mentioned in 
chapter 6, a biomonitoring programme should involve the measurement of a suite of 
biomarkers in a variety of organisms, both plants and animals, to ensure that the status of 
any system is fully evaluated. 
Stress protein responses to other forms of stress 
Beyond pollution studies there is a wealth of information to be uncovered with 
regards responses to and tolerance of natural stressors in seaweeds. A recent review of 
studies into stress tolerance in intertidal seaweeds highlighted the need for more research 
and called for greater application of modem molecular, biochemical and physiological 
methods (Davison & Pearson 1996) to macroalgae. The work described in this thesis could 
be considered a step in this direction as stress proteins are induced by a variety of natural as 
well as anthropogenic stressors and are potentially usefijI for such research. 
Thermal stress is the classic inducer of the CSR and detection of a classic heat 
shock response in E. intestinaiis provides the starting point for a fijll investigation of the 
role of the CSR in this seaweed. As discussed in chapter I , stress proteins appear to be 
involved in thermotolerance. Sanders e/a/(199 la) characterised the CSR of two related 
limpet species with different temperature tolerances and found the more temperature 
tolerant species, which occupied a higher position on the shoreline produced more isoforms 
of Stress -70 under thermal stress. Gehring & Wehner (1995) carried out a similar study on 
the thermotolerant Saharan ant Cataglyphis and found that the ant appears to accumulate 
heat shock proteins in readiness for exposure to high temperatures. Intertidal organisms, 
including seaweeds, live in a rapidly fluctuating environment where thermal stress can be a 
determinant of survival. The assay developed during this study could be used to screen 
levels of Stress-70 and other stress proteins in intertidal algae such as Enteromorpha spp. 
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to gain information about the role of stress proteins in the adaptation of these organisms to 
their environment. 
The list of natural stressors other than heat shock that have been reported to induce 
production of stress proteins in animals includes anoxia, cold shock, pH, salinity and UV 
radiation (Sanders 1993). However there is some evidence that heat shock proteins are not 
so generally induced in higher plants. For example, heat shock proteins have not been found 
to be synthesised in response to anaerobic stress, water stress, salt stress or cold stress 
(Howarth & Ougham 1993). Clearly the response of algal stress proteins to such stressors 
requires clarification and the assay developed could be used to investigate the impact of 
natural stressors on Stress-70 and other stress proteins. 
Information regarding the natural variation in stress proteins in potential 
biomonitoring organisms is also very limited at present. In particular little is known about 
any daily and seasonal variation in levels of stress proteins and differences associated with 
life-cycle stages of organisms. Hofman & Somero (1995) detected seasonal changes in 
Stress-70 in mussels, correlating with ambient temperatures and Ortiz et al (1995) detected 
diurnal changes in Stress-70 levels o f Proposis chilensis, also relating to temperature 
changes through the day. In intertidal organisms, including seaweeds such as 
Enteromorpha spp., changes related to emersion times may be detected. With regards the 
life cycle of Enteromorpha spp. stress proteins are thought to be likely to play an important 
role in processes that involve the breakdown and reorganisation of tissues (De Pomerai 
1996). Therefore stress protein levels may be found to change radically during sporulation 
in this seaweed. 
In addition to the induction of the CSR, impairment should also be considered, as 
was detected in this study for E. intestinalis under nutrient limiting conditions and which 
has implications for the survival of seaweeds /// situ. I f nutrients are limiting, then the ability 
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of Enteromorpha spp. to raise a heat shock response could be impaired. The effects of 
nutrient limitation on the CSR and Fv/Fm also brought attention to the lack of current 
knowledge regarding catabolism and turnover of proteins in macroalgae. Such basic 
knowledge of protein metabolism in seaweeds is vital before a fijll understanding of the 
CSR in these plants can be achieved. 
In conclusion 
The Stress-70 assay developed during this study proved to be a useful assay and 
Enteromorpha spp. was a sound choice of seaweed for use in pollution monitoring. 
However Stress-70 proved to be of little use as a biomarker of exposure of E. intestinalis 
to the pollutants studied and pollution in situ . 
The Stress-70 assay developed could prove useful for further work investigating the 
effects of other pollutants and natural stressors on Enteromorpha spp. Also with minor 
adaptations a variety of stress proteins and other biomarkers, for which antibodies are 
available, could be investigated using the slot blotting technique developed for measuring 
Stress-70. The technique is not just applicable to Enteromorpha spp., but after initial 
validation and optimisation any protein extract from any organism can theoretically be 
analysed by this method. 
With the selection and validation of suitable biomarker responses E. intestinalis 
appears to have much potential in pollution monitoring, both in the laboratory and field. 
During this study the alga was found to have many useful characteristics including; year 
round availability, ease of handling and culture and relative ease of protein extraction. In 
addition to these advantages, the cosmopolitan and abundant nature of the alga means that 
it could be used worid-wide. There is increasing concern about the potential impact of 
pollution in the tropics and subtropics (Depledge et al 1995), where there is increasing 
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industrial progress with little associated legislation. Techniques developed using this 
seaweed could be applicable in all global regions. 
Summary of suggestions for further work 
Investigations into the following are suggested: 
• The use of alternative blot analysis systems, ultra sensitive chemiluminescent 
detection systems and pre-flashing of film prior to blot analysis, to improve the 
quantification of low protein levels using the Stress-70 assay described here. 
• The effects o f pollutants, other than those investigated here, on total Stress-70 
and other stress proteins in Enteromorpha spp. and other seaweeds. 
• The genetics and mechanism(s) of copper tolerance in E. intestinahs from the 
Fal Estuary. 
• Alternative biomarkers of pollution exposure in Enteromorpha spp. and other 
seaweeds. Both subcellular (e.g. oxidative stress enzymes) and at higher levels 
of biological organisation (e.g. chlorophyll fluorescence parameters and 
reproductive endpoints). 
• The impact of chronic exposure to pollutants, both singly and in combination on 
Enteromorpha spp. and other macroalgae. 
• The take up and accumulation of organic pollutants by seaweeds. 
• The role of stress proteins in the adaptation of seaweeds to the intertidal 
environment 
• The effect of natural stressors on levels of Stress-70 and other stress proteins in 
seaweeds and other biomonitoring organisms. 
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• Daily, seasonal and life-cycle related variations in the levels of Stress-70 and 
other stress proteins in seaweeds and other biomonitoring organisms. 
• The catabolism and turnover of proteins in seaweeds. 
Cleariy there is a strong argument for the use of plants, including seaweeds in 
pollution monitoring programmes Plants are integral, of^en abundant components o f 
ecosystems and play a vital, unique role as primary producers. With an increasing interest in 
the use of plants in environmental monitoring and the growing application of molecular and 
biochemical techniques in this field, the future for the use of seaweeds in pollution studies 
looks promising and they may yet receive the fijll attention that their ecological status 
demands. 
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) 
Garbage Tip 
Sewage Works 
Fig.73c. Plymouth Sound with the following sample sites indicated: 
I . Admirals Hard (AH) 
2. Sutton harbour (SH) 
3. Pomphlett Creek (PC) 
Appendix I 
Sample Sites 
Fabnouth Ealuary 
Ph-moulh Sound 
Fig.73a. Devon and Cornwall with following sample sites indicated: 
1. Falmouth Estuary (figure 73b for detail) 
2. Plymouth Sound (figure 73c for detail) 
3. Wembury Bay (W) 
4. Mothecombe (M) 
5. Thurlestone (T) 
Fig.73b. Falmouth Estuary with the following sample sites indicated: 
1. Mylor (My) 3. Pill (Pi) S.Percuil (Pe) 
2. Restronguet (R) 4. St Just (SJ) « | Wheal Jane Tin Mine 
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Appendix II 
Comparison of the composition of Instant Ocean and natural Seawater 
Element Instant Ocean (mo/i) Natural Seawater 
Chlorine 19,600 19,000 
Calcium 420 400 
Potassium 360 380 
Magnesium 1,400 1,350 
Sodium 10,400 10,500 
Boron 5.5 4.5 
Barium <0.05 0.03 
Cadmium <0.01 0.0001 
Cobalt <0.03 0.00008 
Lithium 0.18 0.18 
Molybdenum 2.2 0.10 
Nickel <0.04 0.007 
Phosphorous 0.19 0.07 
Lead <0.08 0.00003 
Ruthenium <0.10 0.12 
Antimony <0.20 0.0003 
Silicon 0.34 2.0 
Tin 0.15 0.0008 
Strontium 7.1 8.5 
Vanadium <0.04 0.002 
Aluminium <0.04 0.01 
Copper 0.010 0.003 
Iron 0.012 0.003 
Manganese 0.004 0.002 
Zinc 0.018 0.010 
Source - Seascope Volume 7 Summer 1990 ISSN 1045-3520 
Major Ion Composition of Instant Ocean Synthetic Sea Salt 
Ionic Concentration at 
Maior Ion % Total Weiaht 34 opt Salinitv (moA) 
Chloride (CI ) 47.47 18,740 
Sodium (Na"^ 26.28 10,454 
Sulphate (SO/ ) 6.602 2,631 
Magnesium ( M g ^ 3.23 1,256 
Calcium ( C a ^ 1.013 400 
Potassium QC) 1.015 401 
Bicarbonate ( H C O 3 ' ) 0.491 194 
Borate (B) 0.015 6 
Strontium (Sr" )^ 0.001 7.5 
Solids Total 86.11% 34.089.5 
Water 13.88% 
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